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Abstract
The design and implementation of a lean production system is a complex task requiring
an intimate understanding of the fundamental lean principles. Much of the published lean
literature is written at a high level of abstraction and contains very basic examples. When
lean tools are applied blindly to complex, highly constrained systems, lean
implementation becomes challenging and often ineffective. This thesis develops a set of
management tools that emphasize the fundamental lean principles and the importance of
an overarching value stream level management perspective in an effort to drive
appropriate system design decisions and management behavior in such an environment.
This thesis proposes the design of a high-mix, low-volume (HMLV) lean production
system for implementation at Hamilton Sundstrand, a global supplier of technologically
advanced aerospace and industrial products. The system establishes a series of mixed
model flow lines based upon the principles of cellular manufacturing. The flow lines
operate in a true pull fashion with an optimally sized finished goods supermarket and a
strategic, continuous review incoming material ordering policy. In addition, a capacity
planning tool, a long term resource cross-training planning tool, and a series of leading
metrics and management levers are developed in order to help steer management
decisions.
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Chapter 1. Introduction
Practicing continuous improvement within a given manufacturing framework is
necessary to drive out waste, to maintain flexibility as markets shift, and in general to
sustain operational efficiency. However, there comes a point where a radical step change
is needed to shake a manufacturing cell, a company, an industry, or even a nation from its
current manufacturing mentality and to help facilitate the evolution towards a more
globally optimal manufacturing system. Lean manufacturing has been such a step
change. Over the past 60 years, lean implementation has shifted the manufacturing
culture across many industries to allow companies and even countries to achieve new
levels of manufacturing efficiency, far beyond what they currently believed possible.
In 2003, the leaders of United Technologies Corporation (UTC) gathered in an offsite
conference to kick off a new corporate initiative, Operations Transformation. The
initiative was not limited solely to manufacturing, but instead spanned across all
corporate functions and divisions. Operations Transformation was identified as a top
priority in order for UTC to retain its status as a world class manufacturer and to maintain
competitiveness in an ever-changing, post 9/11 world economy.
Over the past several years, Operations Transformation has swept across the company
one manufacturing cell at a time. In June 2004, the spotlight fell upon the jet fuel control
assembly and test facility at Hamilton Sundstrand's Engine and Control Systems
Division. Hamilton Sundstrand is a subsidiary of UTC. This internship and thesis work
will present the management tools developed to help the division along its path towards
Operations Transformation. These management tools will emphasize the fundamental
principles supporting a lean production system and help enable successful
implementation in a complex manufacturing environment.
The design of a high-mix, low-volume (HMLV) lean production system is proposed in
this thesis. The system establishes a series of mixed model flow lines based upon the
principles of cellular manufacturing. The flow lines operate in a true pull fashion with an
optimally sized finished goods supermarket and a strategic, continuous review incoming
material ordering policy. In addition, a capacity planning tool, a long term resource
cross-training planning tool, and a series of leading metrics and management levers are
developed in order to help steer management goals and decisions.
1.1 Hamilton Sundstrand
United Technologies Corporation, UTC, (NYSE: UTX) is a "global provider of high
technology products and services to the building systems and aerospace industries."' In
its 2003 10-K, UTC is classified into 5 principle segments:
* Otis (the world's largest elevator and escalator manufacturing, installation and
service company),
11
'UTC 10-K 2003.
* Carrier (the world's largest manufacturer and distributor of commercial and
residential HVAC systems and refrigeration equipment),
* Chubb (a global provider of security and fire protection products and services),
* Pratt & Whitney (a world leading supplier of commercial, general aviation, and
military aircraft engines), and
* Flight Systems consisting of
o Hamilton Sundstrand (provider of aerospace and industrial products and
aftermarket services for diversified industries worldwide) and
o Sikorsky (one of the world's largest manufacturers of military and
commercial helicopters that also provides aftermarket helicopter and
aircraft products and services).
In addition, UTC operates a Research Center that works with the business to develop new
technologies and processes as well as UTC Power, which is leading efforts to meet
customers' needs for distributed generation and is a leader in the production of fuel cells
for commercial, space, and transportation applications.
In 2003, UTC had operating revenues of $31 billion and employed more than 205,000
employees worldwide. It is the 51't largest US corporation (14 1st in world) and operates
in more than 180 countries. UTC has been named by Fortune Magazine as the "most
admired" aerospace company in 2001, 2002, 2003, and 2004.2
Hamilton Sundstrand, a subsidiary of UTC, is among the largest global suppliers of
technologically advanced aerospace and industrial products. The company designs and
manufactures aerospace systems for commercial, regional, corporate, and military
aircraft, and is a major supplier for international space programs. 3 Most recently,
Hamilton Sundstrand was selected to supply eight major systems for the Boeing 7E7
Dreamliner. The systems' total value is estimated at up to $6 billion over the life of the
7E7 Program.4
Hamilton Sundstrand has an impressive history with roots dating back to the Sundstrand
Corp (1905) and Hamilton Standard (1919). On June 10, 1999, UTC acquired
Sundstrand Corporation and merged it with its Hamilton Standard Division. The world
headquarters is located at the Windsor Locks, Connecticut plant which opened in 1952.
In 2003, Hamilton Sundstrand had annual sales of $3.4 billion and employed 16,700
people worldwide. Table 1 shows UTC's revenue and profit data broken out by business
segment.
2 http://www.utc.com/profile/facts/index.htm
3 http://www.hamiltonsundstrandcorp.com/hsc/details/0,3797,CLILDIV22_ET3023,00.html
4 http://www.hamiltonsundstrandcorp.com/hsc/news-index/1,4485,CLI1_DIV22ET12807_PID10414,00.html
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Table 1. UTC Segment Review.
Segment Review
Revenues O ratin Profits 0 eratin Profit Mar in
in millions of dollars the Hamil21 Sda b ineuit 2001 o n n 2001
Otis e$8h 6p338 was focu$ e47 in to 13 4%
Carrier 59098. 0 6.6%
Chubb -
Pratt & Whitney 765 7,679 122 1,3O8 1&% 17.0%
Flight Systems 5,292 741 6701 33 12.7%
Figure 1 shows the Hamilton Sundstrand business unit organizational chart. This
internship was focused in the Mechanical Engine Systems Division (MEfS) of the Engine
Systems business unit. Engine Systems provides engine controls, starters, gearboxes,
fuel pumps, lubrication systems, and scavenge pumps to jet engine manufacturers. The
product categories across the Engine & Control Systems division are shown in Figure 2.
Hamilton Sundstrand had traditionally supplied engine externals on a component level
while the customer (Pratt & Whitney) was responsible for the systems integration and
assembly. On January 1 st, 1991, Pratt & Whitney decided to push the systems integration
responsibility up the supply chain to Hamilton Sundstrand so that Hamilton Sundstrand
would be able to expand the customer base and sell directly to Pratt & Whitney's
competitors (i.e. Rolls Royce, General Electric) without a major conflict of interest.
Because Pratt & Whitney and Hamilton Sundstrand were both subsidiaries of UTC, this
shift in responsibility could be accomplished without any substantial loss in power or
control. The Engine & Control Systems group has since occupied a building on the
Windsor Locks campus and acts as a procurement intermediary and systems integrator
between its customers (jet engine manufacturers) and over 100 suppliers, including
Hamilton Sundstrand.
Aerospace Industrial Space.
Engine & Control Systems rspace Poer yem [light Systes & Servies
Engine Systems Dynamic Controls HS HS Marston
Figure 1. Hamilton Sundstrand Business Unit Organizational Chart.
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Figure 2. Hamilton Sundstrand Engine & Control Systems Product Line.
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1.2 Setting: MES Introduction
The Mechanical Engine Systems (MES) Division at Hamilton Sundstrand assembles and
tests Jet Fuel Controls (JFCs), Gas Turbine Accessories (GTAs), and Starters. MES
employs nearly 50 assembly and test technicians and accounts for roughly $40M in
revenue per year.
In 2003, senior management at UTC gathered for an offsite conference to kick off what
has been known as "Operations Transformation." The goal was to initiate a major three
facetted overhaul of all UTC operations: to modify the infrastructure, to rationalize the
manufacturing scope, and to improve the operations execution.6
Rationalizing the manufacturing scope using a core / non-core criteria has caused
Hamilton Sundstrand to shift its make-buy momentum from nearly 60% make in 2000 to
a goal of 40% make by 2008. This resulted in a significant reduction in direct labor
hours, which in turn has caused an increase in the overhead percentage spread across the
remaining manufacturing facilities. This, of course, is coupled with an increasing cost of
benefits, which only accelerates the overhead absorption problem. In order to
5 http://www.hamiltonsundstrandcorp.comhsc/details/o,,CLI1_DIV22_ET3028,00.html
6 Operations Transformation video with excerpts from Operations Transformation Conference, held
January 16-17, 2003, East Hartford, CT, produced by United Technologies Corporation.
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counterbalance the effects of the increasing overhead rate, Hamilton Sundstrand has
undergone and will continue to undergo significant footprint reductions.
In order to boost productivity, Hamilton Sundstrand has begun to adopt lean principles
and value stream mapping (VSM) as a means to develop more efficient operations. The
efforts have cut across the value stream including supply management, manufacturing
effectiveness, and demand management. There is a plan for a reduction in the number of
suppliers to foster more intimate (lean) relationships with those that remain. There are
also efforts to establish more of a design for manufacture and assembly culture within the
engineering organization and an overall effort towards digitization.
There had recently been a push for MES to embrace Operations Transformation;
however, the lean culture shift was still in its infancy. Prior to the author's internship, a
VSM event had been held and a trial product flow line had been set up. Unfortunately,
because of the clear priority on production throughput and the lack of enthusiasm on the
shop floor, the trial flow line had neither been fully implemented nor given the
opportunity to succeed.
Fortunately, in late July, 2004, the funding was approved to move the MES assembly
facility to another building to be collocated with test in April, 2005. The purpose of this
move was to both reduce the travel distance between operations as well as to reduce the
overall factory footprint. Arguably, from an Operations Transformation perspective, the
most significant direct impact of the move was to create a sense of urgency both with
management and technicians that change was imminent. The idea was to lump the
changes (and pains) associated with the move together with the changes (and pains)
associated with implementing lean. Management especially wanted the old culture and
the old way of doing things to be left behind after the move. The move date served as a
line in the sand to establish priority for Operations Transformation and motivation to
change. An Operations Transformation team of four dedicated resources, including the
author, was established to lead the effort.
1.3 Product Line: JFC/GTA Assembly and Test
Jet fuel controls (JFCs) are complex hydro-mechanical systems that meter fuel flow to jet
engines. Although many are now integrated with digital feedback control systems, JFCs
are calibrated such that they also have the ability to act as hydraulic computers (even with
the electronics turned off) to meet the following general engine control requirements:
- Maintain safety of engine for all power lever movements and changing inlet
conditions;
- Limit engine rotation speed and turbine inlet temperature;
- Avoid compressor surge or stall;
- Avoid rich blowout and lean blowout;
- Provide thrust proportional to the thrust lever angle.7
7 Meeting notes from an interview with Timothy Gaudet, Engineering Manager at MES.
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Like all aerospace systems, performance and weight are critical design parameters. As a
result, JFCs are very difficult to manufacture and require senior technicians and support
staff. In addition, JFCs have extremely tight manufacturing specifications that translate
into high variability and often low test yields. Two completed JFC models are shown in
Figure 3. In addition to JFCs, MES also manufactures starters, which provide the power
for initial engine start-up, and GTAs, ranging in function from fuel distribution to oil
cooling.
Figure 3. Picture of Two Fully Processed Jet Fuel Controls.
MES is a low-volume, high-mix production environment with a significant amount of
processing time variation and rework. Most work takes place at either an assembly bench
or at a test rig and capacity is primarily labor resource constrained. In addition to being
very skilled, technicians are required to be certified for each model they build.
Certification is very costly and time consuming and, as a result, there is limited
technician cross-training. The lack of cross-training limits the flexibility to accommodate
surge capacity and technician absence. This is further complicated by the fact that it is a
union environment with a high resistance to change.
1.4 Approach
Many of the challenges that MES faces are not unique. However, there is rarely a cookie
cutter solution that will allow a flawless lean implementation and address all the
intricacies of a business. The internship began with an in-depth analysis of the business.
Several topic areas were identified early on as key challenges including vision
communication, supplier management, strategic inventory placement, manufacturing
systems design and analysis, and quality control.
The most important step in enabling change was the introduction of a value stream
management view of the system. This value stream perspective utilizes the value stream
mapping tool, which will be discussed in Section 3.2, to enable a cross-functional team to
understand the process at a detailed level. Given this information, value stream mapping
also provides a framework for stepping back and looking at the entire process as a whole.
In doing this, the team will have a concrete understanding as to how improvements in
16
individual areas impact the entire system. This allows the team to focus resources on
areas with the most significant potential impact or greatest "bang for buck" and ensures
the implementation of global improvements. This thesis attempts to leverage this value
stream perspective by addressing issues at both a systems level as well as at a detailed
implementation level.
1.5 Literature Review
In describing the process for designing and implementing a lean production system, this
thesis covers a vast array of topics including lean manufacturing, value stream mapping,
strategic inventory placement, and more. This section will provide the reader with a brief
review of relevant literature including text books and prior Leaders for Manufacturing
(LFM) theses. A full list of references can be found in the Bibliography at the end of this
thesis.
There has been much literature published on lean manufacturing in the last two decades.
Some of the most well known works include The Machine that Changed the World, The
Design of the Factory with a Future,9 A Study of the Toyota Production System,10 and
Lean Thinking." Each of these books discusses the Toyota Production System and the
emphasis on banishing waste. The Machine that Changed the World is a groundbreaking
analysis performed by the MIT International Motor Vehicle Program of the worldwide
move from mass production to lean production. The Design of the Factory with a Future
outlines a 10 step strategy towards an "integrated manufacturing production system"
methodology that is analogous to the Toyota Production System and is founded on two
basic concepts: elimination of waste and respect for people. A Study of the Toyota
Production System details the Toyota Production System from an industrial engineering
viewpoint. Lean Thinking defines the five principles of lean as: 1) specify value, 2)
identify the value stream, 3) make value flow, 4) let customers pull, and 5) pursue
perfection. These lean books are complemented by works including The Goal, which
introduces the "theory of constraints" and The Fifth Discipline,13 which introduces the
concept of the "learning organization."
Value stream mapping is a key to the bridging the gap between lean theory and lean
implementation. This thesis heavily references Learning to See,14 Training to See, 15 and
Creating Mixed Model Value Streams.16 Learning to See and Training to See teach value
8 Womack, James P., and Daniel T. Jones, and Daniel Roos, The Machine that Changed the World, New
York: Harper Perennial, 1991.
9 Black, J T., The Design of the Factory with a Future, New York: McGraw-Hill, 1991.
1 Shingo, Shigeo, A Study of the Toyota Production System, Portland: Productivity Press, 1989.
" Womack, James P., and Daniel T. Jones, Lean Thinking, New York: Free Press, 2003.
12 Goldratt, Eliyahu M., The Goal: A Process of Ongoing Improvement. Great Barrington: The North River
Press, 1992.
13 Senge, Peter, The Fifth Discipline: The Art and Practice of the Learning Organization. New York:
Currency Doubleday, 1990.
14 Rother, Mike, and John Shook, Learning to See, Brookline: The Lean Enterprise Institute, 2003.
15 Rother, Mike, and John Shook, Training to See, Brookline: The Lean Enterprise Institute, 2000.
16 Duggan, Kevin J., Creating Mixed Model Value Streams, New York: Productivity Press, 2002.
17
stream mapping at the facility level to show where to introduce flow and pull while
removing waste. Creating Mixed Model Value Streams translates theoretical lean into
practical guidance moving beyond basic value stream mapping to selecting product
families, scheduling, and handling customer demand.
There have been many LFM theses written on lean implementation over the years.
Within this set, a high percentage specifically address the challenge of implementing lean
in a high-mix, low-volume environment. One reason for this high percentage is that
implementing lean in a high-mix, low-volume environment (or more generally, a highly
constrained environment) is difficult. Therefore, companies typically reach out and ask
for assistance with these implementations whether it be in the form of an LFM internship
or other consulting exposure.
Nonetheless, the challenge is surmountable as evidenced by the LFM theses exploring
applications in various industries. Matthew Gates' 7 and Jonathan Rheaumel 8 have
demonstrated success in high-mix, low-volume environments at Hamilton Sundstrand.
Matt explored Operations Transformation in aircraft air-conditioning system rotor
manufacturing while Jon analyzed Operations Transformation in heat exchanger core
assembly. Both manufacturing cells fall within the Air Management Systems Division at
Hamilton Sundstrand.
Vida Killian19 explored the impact on manufacturing that Intel faced as it expanded into
the telecommunications space. The integrated circuits required in the communications
industry were high-mix, low-volume products relative to the memory and
microprocessors making up the historical semiconductor product mix. Matthew Joing
researched the impact of Lean and an alternative manufacturing methodology called
Quick Response Manufacturing on high-mix, low-volume circuit card assembly at
Raytheon. As a final example, Ankur Goel21 discussed the impact of low volume on the
development and manufacturing of organic light-emitting diodes at Kodak.
A significant portion of this thesis is dedicated to the integration of strategic inventory
22placement into a lean production system. Supply Chain Management is a
comprehensive textbook that covers strategy, planning, and operation. It not only covers
high-level supply chain strategy and concepts, but also gives the reader a solid
understanding of the analytical tools necessary to solve supply chain problems. Chapter
17 Gates, Matthew D., "Lean Manufacturing System Design and Value Stream Management in a High-Mix,
Low-Volume Environment," Masters Thesis, MIT Leaders for Manufacturing Program, June 2004.
1 Rheaume, Jonathan M., "High-Mix, Low-Volume Lean Manufacturing Implementation and Lot Size
Optimization at an Aerospace OEM," Masters Thesis, MIT Leaders for Manufacturing Program, June
2003.
19 Killian, Vida, "The Impact of High-Mix, Low-Volume Products in Semiconductor Manufacturing,"
Masters Thesis, MIT Leaders for Manufacturing Program, June 2003.
2 0 Joing, Matthew, "Application of Lean Manufacturing and Quick Response Manufacturing in a High-Mix
Low-Volume Environment," Masters Thesis, MIT Leaders for Manufacturing Program, June 2004.
21 Goel, Ankur, "Chemical Development and Lot Size Optimization for Low-Volume, High Value OLED
Chemicals," Masters Thesis, MIT Leaders for Manufacturing Program, 2003.
22 Chopra, Sunil and Peter Meindl, Supply Chain Management, New Jersey: Prentice Hall, 2001.
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8 discusses how to manage uncertainty in a supply chain utilizing safety stock. Many of
the equations used in the inventory optimization models of this thesis are developed in
more detail in this chapter.
Many LFM theses have also been written on the topics of strategic inventory placement
and material ordering policy. Daniel Wheeler2 3 and Garret Caterino24 both address issues
pertaining to the integration of inventory modeling and supply chain management within
a high-mix, low-volume environment at Instron.
1.6 Overview of Chapters and Appendices
This thesis began with an introduction to Hamilton Sundstrand and the Mechanical
Engine Systems Division, discussing the manufacturing setting and the Operations
Transformation initiatives championed by executive leadership. Chapter 2 will discuss
the major challenges MES faces with its current production process in order to both
justify the need for change and identify the targeted areas for improvement. Chapter 3
details the manufacturing system analysis and redesign utilizing many standard lean
design concepts as well as some developed specifically to accommodate the highly-
constrained environment at MES. Chapter 4 and Chapter 5 develop an incoming material
and a finished goods supermarket replenishment strategy based on continuous review
optimization models. Finally, Chapter 6 presents the results and key learnings.
Appendix A provides the reader with an acronym glossary. Appendix B presents an
EOQ derivation. Appendix C elaborates on the proposed inventory control policy from a
visualization standpoint. Appendix D presents a simulation that validates the service
level constraint equation. Lastly, the Bibliography provides a summary of the sources
cited throughout this thesis.
23 Wheeler, Daniel H., "Pulling a Job Shop into Supply Chain Management," Masters Thesis, MIT Leaders
for Manufacturing Program, June 2000.2 4 Caterino, Garret J., "Implementation of Lean Manufacturing in a Low-Volume Production
Environment," Masters Thesis, MIT Leaders for Manufacturing Program, June 2001.
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Chapter 2. Challenges at Hamilton Sundstrand
This section describes some of the challenges that the MES division of Hamilton
Sundstrand faced while designing and implementing a lean production system. Many of
these challenges, however, are not unique to MES. The management tools developed in
this thesis can easily be transferred to other companies and industries with similar
business characteristics. This chapter will discuss these current state challenges at a
relatively high level of abstraction. A detailed analysis of the current state will be
presented in Chapter 3.
2.1 Low-Volume, High-Mix
One challenge faced by the MES Division at Hamilton Sundstrand is that its production is
high-mix and low-volume (HMLV). There are over 60 products manufactured in MES
with an average annual demand of only 40 units per product. The maximum annual
demand for any product is just over 300 units per year. The products are characterized by
long, variable processing times ranging from 1 to 90 hours per unit at both assembly and
test and often require a significant amount of rework. In addition, there is little to no
modularity or part commonality between products.
Although an HMLV manufacturing environment causes lean implementation to be more
complex and difficult, it can still be justified. In fact, Hamilton Sundstrand is not unique
in this regard. HMLV lean production systems are prevalent across aerospace companies
and extend into many other industries.
The most famous example of HMLV is the transition of the auto industry over the last
half century. Henry Ford is often credited with saying that customers could buy a Model
T in "any colour, so long as it's black." The Toyota Production System proved that
greater manufacturing efficiencies could be attained even with lower volumes and higher
product mix. Additionally, within the LFM community there are many examples of
successful HMLV lean production systems. Some of these were discussed in the
Literature Review in Section 1.5.
2.2 Slow Product Life Cycle
Another prevalent challenge to lean implementation in the aerospace industry is a result
of the slow product lifecycles. It is important to note here that Operations
Transformation permeates the entire organization. It is not targeted solely at
manufacturing. Engineering is also a crucial component of Operations Transformation
because much of the product cost and manufacturability is determined in the design phase
of the product lifecycle. Engineering and design determines such characteristics as
modularity, design robustness, and quality.
Although it is relatively easy to transform the manufacturing portion of the business to
adopt lean, a company cannot always go back and redesign the product because of the
cost of such an undertaking. Because of the long product life cycle, many of the legacy
products were designed ten or more years ago in a very different market where there was
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far less focus on cost and products were not expected to meet today's stringent quality
standards. Instead, the design focus was on performance, and incentives were geared
towards designing the next new gadget.
As a result, the manufacturing operation has been given the task of implementing lean
and creating flow with a set of products that do not always lend themselves to flow. In
particular, the main inhibitors are the lack of modularity and part commonality between
products. In addition, the stringent performance requirements combined with poor
product design robustness result in low test yields, cause variability in the manufacturing
process, and generally disrupt the manufacturing product flow.
2.3 Resource Allocation Constraints
As previously mentioned, JFCs are complicated assemblies that require experienced
technicians and support staff to produce. The average technician age is 48 with an
average experience of 22 years at UTC. Because of the seniority regulations of the
union, layoffs tend to affect the younger technicians. In other words, the last to be hired
are the first to be let go - a last-in, first-out (LIFO) system. This results in a gradual
increase in the average employee age specifically within MES and more generally
throughout Hamilton Sundstrand. The effect of the aging work force is further amplified
by the general consolidation efforts of Hamilton Sundstrand operations.
Because cross-training is so time consuming and costly, management tends to train the
older, more experienced technicians because they are less likely to be affected by layoffs.
Consequently, the core knowledge is contained with the older employees who may be
nearing retirement.
In addition to the aging workforce dilemma, the lack of sufficient cross-training seriously
limits the flexibility of the existing work force. Often times, if a technician is absent, the
production of a certain product may halt because there is no one else available who is
certified to build or test that particular product.
Because of this constraint, shop floor supervisors are forced to micromanage both the
production schedule and resource allocation. At the same time, technician utilization is
considered a vital metric. When time is lost, it cannot be recovered by applying more
resources. In many cases, there may not be any certified technicians available. The end
result is a constant reshuffling of resources and production priorities, which leads to
suboptimal and inefficient operation.
2.4 Scheduling
Currently, production is scheduled using an Materials Resource Planning (MRP) system.
Parts are ordered to arrive prior to the production start date, which is based upon the
MRP demand forecast. The demand data, projected out six months, is generally firm, but
component lead times can be far greater. As a result of part shortages, many builds do
not start on time, causing the factory to operate in an expediting mode.
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Once started, the production is scheduled by the shop floor supervisor at every step of the
process based on the urgency of that particular unit. This requires a significant
management effort. In addition, because orders are pushed through the system, there is
an excessive amount of inventory in queue and inflated manufacturing order cycle times.
In order to improve the actual customer on-time delivery metric, further material and time
buffers are built into the system. Still, the customer on-time delivery metric is below the
Hamilton Sundstrand target.
A final note regarding scheduling is that overtime is not reserved as an additional buffer.
Instead, it is planned into the daily work schedule and yearly capacity planning. It is not
uncommon for overtime to exceed 30% of standard work time. At the same time,
technicians have begun to expect overtime and have adjusted their lifestyles accordingly.
It is suspected that technicians often slow down their output in periods of low demand to
ensure overtime.
2.5 Part Shortages
Inventory is a crucial financial operating metric. On a fundamental level, inventory ties
up capital that could be reinvested elsewhere in the business. Traditionally, inventory has
been used to smooth out production and buffer against system variability in order to
ensure product availability to the customer. Lean thinking, however, considers inventory
to be a double-edged sword. Not only does inventory tie up capital, but it also clogs up
the production system and lengthens production lead time, thus reducing the ability to
respond to the customer.
Hamilton Sundstrand has drastically reduced inventory over the years by passing down
corporate goals through the ranks of the organization. Individual manufacturing cells are
given yearly inventory targets and are encouraged to lower the water level (reduce the
inventory) in order to discover the rocks (problems) with the cell's performance. This
water level analogy is developed by Black.25 Inventory, when used strategically, is a
management tool that can be used to buffer against the stochastic behavior of a system.
However, if applied blindly, it can actually hide solvable problems, which may continue
to crop up time and again. Reducing inventory forces the company to focus on fixing
these problems, leading to further inventory reductions and more efficient operations.
It is the author's belief that MES has reduced the inventory levels without accounting for
the trade-offs between inventory costs and opportunities for component stockouts. In this
extreme state, there are too many rocks exposed to adequately address on a continual
improvement basis. As inventory is reduced, unnecessary stresses are placed on the
system resulting in an increase in part shortages. In an effort to keep pace with the
production schedule, technicians are forced to build short. Building short implies that the
technician has skipped the operation that involved the missing part and moved on to the
next step in the process, thus deviating from the standard work. Building short is
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25 Black, supra, note 9, p9 .
inherently inefficient and results in technicians racing simply to ship units. Therefore,
lowering the water level too fast will undermine the potential benefits of lowering the
water level in the first place. Historically, at Hamilton Sundstrand, when the water level
drops too far too fast, a tsunami has been sure to follow. In other words, when
management gets frustrated with part shortages, they flood the shop floor with inventory
to help ship units.
Part shortages are by far the biggest problem facing MES. When units get behind
schedule, the root cause is most often directly or indirectly related to part shortages. In
addition to the implications of shutting down a production line, part shortages also lead to
serious morale issues with the technicians. Technicians come to work to build. Part
shortages slow them down and prevent them from developing a production rhythm.
When they are constantly being stopped because a part needs to be tracked down, they
get frustrated and discouraged. In addition, building short forces technicians to deviate
from standard work and assemble components out of order. This causes a breakdown in
the inspection checks and balances and can lead to quality problems. Finally, part
shortages lead to a lack of trust and respect for management who is ultimately responsible
for maintaining parts availability.
Part shortages also lead to burnout within the procurement organization. With excessive
part shortages, the procurement department finds itself chasing too many parts and cannot
possibly keep up. It may make sense to buffer the cheaper parts so that procurement can
focus their time and effort on the high value items that most significantly affect the
inventory costs and that warrant management attention. Said another way, it does not
make sense for procurement to spend hundreds of dollars in labor to track down a $1 part.
2.6 Poor Test Yields
After part shortages, the greatest source of production system variability and impediment
to flow is the poor test yield of MES products. Figure 4 shows a pareto chart comparing
the first time test yield (FTTY) for a representative subset of JFC and GTA products for a
given month. FTTY is the percentage of time that a given unit passes its certification test
at the end of the manufacturing process in the first attempt. For each product listed along
the x-axis, the bars represent the number of units tested as well as the number of units
that failed test on the first or second attempt. The curve represents the FTTY metric for
each product.
When a unit fails test, it enters a rework loop cycling between assembly and test until it
finally passes. Typically, rework requires a technician to rebuild the unit by substituting
out defective parts. For this reason, rework can often take as long if not longer than the
original assembly time. Not only does this require the production system to
accommodate this rework loop, but it also creates significant uncertainty in the order
cycle time and requires additional production system buffers.
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Figure 4. MES One Month Test Yield Chart.
As can be inferred from Figure 4, F1TY ranges anywhere from 30 to 100%. For some
products not shown here, the FTY can be as low as 0%. The average FY for MES on
a unit basis is around 85%. In other words, if 100 units were built with the current
product mix, 15 would be expected to fail test on their first pass. This metric is tracked
by senior management. This metric, however, can be deceiving. Products with short
order cycle times tend to also be the products with the highest test yields. This means
that if the FTTY metric is weighted by the labor content required to build each product,
the weighted FTTY is reduced to 66%. This means that 34% of the work performed by
MES fails at test and enters a rework loop. It is also worth noting that this statistic is
highly dependent on product mix. As product mix changes from year to year, it is
important to understand the impact on FTTY.
Even more disconcerting is the fact that second time test yield is lower than FTTY. In
other words, if a unit has already failed test, it is more likely to fail again after it is rebuilt
than another unit that has yet to be tested. Because test failures are not well understood, a
failed unit is torn down and components are replaced until it finally passes. Engineers are
involved in the process; however, in many instances, failure modes are very similar for
different types of problems and difficult to diagnose in the first attempt.
Although a full diagnosis of test yields is beyond the scope of this thesis, it is important
to understand the complications that arise when implementing a flow production system.
Value stream mapping typically assumes a future state with perfect quality (FTTY =
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100%). If there are processes with less than perfect quality, the problems are highlighted
and kaizen26 events are initiated to solve the problems.
However, achieving perfect quality in the case of MES may in fact be a longer term
problem. As previously discussed, JFCs are complex systems with extremely tight
specifications. They were designed for performance, not necessarily manufacturability.
There is much work yet to be done with statistical process control and designed
experiments to develop robust processes that might overcome the test yield
manufacturing constraints. The challenge is compounded by the fact that test rigs are
large, capital intensive equipment with analog gauges and no system for automated data
acquisition.
In a sense, rework is built into the manufacturing process. The question becomes: How
do we proceed with lean in the near term while anticipating quality improvements in the
future? The proposed solution, which will be discussed in subsequent sections, is to hold
an appropriately sized finished goods supermarket. Nonetheless, it is important to note
that the costs associated with poor test yields are not simply the cost of rebuilding the
units, but also the costs of holding more inventory to buffer the system from variability.
2.7 Organizational Resistance in a Mature Aerospace
Company
It is far easier to implement a lean production system in a greenfield environment where
there are not well established processes and norms. Hamilton Sundstrand is instead a
mature aerospace company with rich roots, an advanced MRP system, and engrained tacit
knowledge. There has been significant effort and investment in the current
manufacturing system, and historically, Hamilton Sundstrand has been quite successful.
Organizational change in this environment can be quite difficult.
This section will evaluate these organizational challenges using three lenses: the strategic
design lens, the political lens, and the cultural lens. "Each lens is a perspective on the
organization that distills the essence of related theories that share ideas about human
nature, the functions of organizations, the meaning of organizing, and the information
needed to make sense of an organization." 27 The section is by no means a complete and
thorough analysis of the organization. The objective, instead, is to capture some of the
key organizational factors impacting Operations Transformation such that they can be
appropriately addressed.
2.7.1 Strategic Design Lens
"[The strategic design lens] views the organization as a kind of machine that has been
designed to achieve goals by carrying out tasks. The designers of the organization, the
26 Kaizen means continuously improving in incremental steps. Duggan, supra, note 16, p180. A Kaizen
Event is a designated period of time set aside for a cross-functional team to focus on implementing
incremental improvements in the production system.
27 Carroll, John S. "Introduction to Organization Analysis: The Three Lenses." MIT Sloan School of
Management Working Paper, 1-13. MIT Document Service, Revised July, 2002.
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Board of Directors and senior managers, have a strategy or purpose for the organization
based on rational analysis of opportunities and capabilities." 28
The aerospace industry has evolved significantly over the last 10 years moving away
from a focus on performance and out designing the competition to more of a focus on
product cost and total cost of product ownership and operation. This is one of the most
compelling justifications for the executive embracement of Operations Transformation.
However, there are organizational hurdles that Hamilton Sundstrand must overcome to
fully embrace the new lean strategy. First of all, the organizational structure at Hamilton
Sundstrand has many management layers. Although this is due in part to the sheer size of
the company, it is the author's opinion that Hamilton Sundstrand is a hierarchical
organization. This attribute creates the potential for communication gaps both up and
down the management chain.
A second attribute of the organizational structure is the functional nature of the resource
groupings. At the very top of the organization, executive management has a matrix like
structure with some Vice Presidents responsible for product families or manufacturing
facilities and other Vice Presidents responsible for a particular customer or group of
customers. Below the director level, however, the organization is functionally siloed.
This structure has enabled Hamilton Sundstrand to excel in the past, but may not be
sufficient to enable effective Operations Transformation going forward.
Because of the functional organizational structure, employees at Hamilton Sundstrand
have become quite proficient at optimizing on a local level. If a system is not
appropriately structured and incentives effectively aligned, this can lead towards a trend
of sub-optimization. Additionally, if a problem arises that can not be directly addressed
by an individual functional group, the tendency is to point fingers and place blame
instead of tracking the issue across functional boundaries, working through the root cause
analysis, and collaborating to develop a mutually beneficial solution.
Significant operational improvements can only be obtained by approaching problems
with a systems perspective. For this reason, Operations Transformation requires an
organizational structure that enables cross-functional coordination and supports
paradigmatic change.
2.7.2 Political Lens
"People who use the political lens view the organization as a contested struggle for power
among stakeholders with different goals and underlying interests. Whereas the strategic
design lens groups and links units that must work together to accomplish tasks, the
political lens combines units with similar interests and goals into coalitions that advocate
their side of important issues." 29
26
2 Ibid.
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As with any change initiative of this magnitude that requires the coordination of multiple
functional groups at many levels of the organization, there are an overwhelming number
of stakeholders. Figure 5 is a stakeholder map for MES. To simplify matters and to help
draw generalizations, certain groups have been lumped together. Connecting lines
between groups represent effective communication links and the ability of each group to
influence the other. It should be noted that even within one of the designated groupings
there can often be many views. It should also be noted that these opinions are not
reflective of individuals within the organization. Instead, these political groupings should
be interpreted as the byproduct of the organizational structure and incentive system. In
other words, it is not enough to simply replace individuals to solve problems within the
system. Anyone placed in a given group will face these same general political pressures.
In fact, these political perspectives are not unique to Hamilton Sundstrand or to MES.
Instead, they can be generalized for many different organizations. That being said, one
important quality of individual leaders within the organization is the ability to effectively
navigate the political landscape and to break down these organizational barriers.
Key:
++ = strong proponent of change
Executive + = proponent of change
Management - opponent of change
++- - = strong opponent of change
Other
Operations FunctionalGroups
Senior Strategy
Mg t anagement ++
OperationsOperations
Middle Transformation
Management ++
Engineering
Technicians Support
Figure 5. Current Stakeholder Map for MES.
The first group of stakeholders is executive management who are strong advocates of
Operations Transformation. This is the group that has defined Operations
Transformation as a part of the long term corporate strategy. They look beyond the near
term implementation challenges and maintain a vision of achieving new levels of
operational efficiency.
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Senior management is the set of managers who are responsible for UTC business at a
divisional level. This group understands the corporate initiative and how it might
transform their respective business, but are more reluctant to commit time and resources
because they are concerned about the potential short term negative impact. At the end of
the day, they are responsible for production output and change is viewed as risky.
The middle managers, who are ultimately responsible for change implementation, are in a
very tough political situation. On the one hand, they report to senior management who
are driving Operations Transformation. On the other hand, these middle managers are
responsible for the shop floor assembly and test technicians as well as the engineering
and quality shop floor support functions who adamantly oppose change. Middle
managers are left with the difficult task of balancing these conflicting interests and
maintaining these relationships while at the same time implementing change and shipping
product. Often, middle management can be the hardest group to persuade to change
because maintaining the status quo is far less controversial. In the long run, Operations
Transformation is very much aligned with the local objectives of middle management.
The challenge is to overcome, in the short term, the uncertainty that is inherent in the
change process.
The technicians and engineering support functions generally resist change because they
have been working in the current state for many years and do not appreciate the economic
justification for change. In addition, they equate "lean" with "layoffs" and
"outsourcing," feeling that there is nothing to gain from Operations Transformation and
everything to lose.
The operations strategy group is a team of people appointed by executive management to
facilitate Operations Transformation across the company. While they are proponents of
change, they have loose connections with many of the other stakeholders on the map. It
is important that they take the time to strengthen these relationships and to understand,
appreciate, and influence systems changes.
There are many other functional groups who are stakeholders in Operations
Transformation including procurement, engineering, and others. Because of the
hierarchical and functional organizational structure, it is difficult to develop effective
links between the operations stakeholders and other functional groups. Senior
management has identified this as a challenge and begun to promote interdisciplinary
meetings and collaboration.
Lastly, there is the Operations Transformation team that is focused on change at a very
local level. Much of this thesis work was developed in conjunction with the efforts of
this team. This group has direct ties with many of the stakeholders on the map, and it is
very important to continue to develop these relationships. The Operations
Transformation team has two main responsibilities. The first is to spearhead the design
of the new production system. The second, and perhaps more difficult responsibility, is
to implement change. This requires the team to communicate with and coordinate
between all of the other stakeholders.
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2.7.3 Cultural Lens
"[The cultural lens] assumes that people take action as a function of the meanings they
assign to situations. More broadly, the cultural elements, symbols, stories, and
experiences from which meanings are derived, are shared among members of a culture
and transmitted to new members. Cultures develop over time as groups solve important
problems and pass on their traditions."30
Hamilton Sundstrand (in most US locations) operates in a union environment with a very
rigid labor-management relationship, which can often be an impediment to change. In
order to manage successful change in a union environment, the union and its members
must be included early on in the decision making process. Additionally, the Operations
Transformation teams should practice interest based negotiation 3' wherever possible to
develop a strong relationship and to promote buy-in with all of the stakeholders. This
negotiation method emphasizes four main points: "1) separate the people from the
problem; 2) focus on interests, not positions; 3) invent options for mutual gain; and 4)
insist on using objective criteria."32
An additional source of resistance is derived from past experiences at Hamilton
Sundstrand with lean implementation and general change management. Technicians tend
to retain roles far longer than their supervisors. They have seen many management styles
and operating philosophies come and go over the years. New change initiatives are
deemed "management fads" and are temporary nuisances that will likely come to pass
without benefit to them. As a result, technicians are willing to wait out management. If
technicians resist for long enough, management will either give up or be transferred and
production will revert back to the way it was.
There is a very interesting bargaining power dynamic between management and the
technicians. Because of their high level of skill and experience, the technicians are often
the only ones who really know the fuel controls. Management is mindful of this and very
careful not to upset the technicians with policy changes. At the end of the day, if
technicians become frustrated and refuse to work, management is left with very few
options. This phenomenon was articulated by one of the engineers as "the tail wagging
the dog." 33
Hamilton Sundstrand and UTC have had mixed results with Operations Transformation.
There are some areas that have fully embraced lean and are rewarded with improved
performance and employee morale. On the other hand, there are areas where technicians
feel that "nothing was changed except that some furniture was moved around."3 4 As
word travels fast, a failure in one area can result in further lean implementation resistance
in another. The fundamental difference between examples of successful and unsuccessful
0 Ibid.
3' Fisher, Roger, William Ury, and Bruce Patton, Getting to Yes, New York: Penguin Books, 1991.
32 Ibid.
3 Quoting Robert Jennett, Manufacturing Engineer, Hamilton Sundstrand.
34 Quoting an anonymous technician at Hamilton Sundstrand. Although this is only the opinion of one
technician, it is important to acknowledge that this perspective exists and should be addressed.
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lean implementation is whether the Operations Transformation team in the particular area
had a vested interest in change and adequate motivation to engage for the long haul.
Unsuccessful teams did just enough work to establish a visual perception of change
without challenging the process inefficiencies or truly embracing the lean production
philosophy.
A final barrier to cultural change is that at Hamilton Sundstrand, lean is associated with
layoffs and outsourcing. During the author's internship, two areas undergoing
Operations Transformation were outsourced. The first was the Precision Machining
Facility (PMF) who supplied the precision machined valves for many of the MES
products. PMF had participated in several value stream mapping and kaizen events to
improve operational performance and standardize work. The work was then outsourced
to another supplier. In addition, an entire Connecticut based electronics facility was shut
down and sent to Hamilton Sundstrand facilities in lower cost geographies. This
electronics facility happened to be a non-union shop and had made significant
advancements in lean manufacturing. As a result, technicians in other areas feel that if
they participate in Operations Transformation, they will be contributing to their own
demise. Therefore, management must demonstrate that although no one can be promised
job security, embracing Operations Transformation and substantially improving
operational performance will improve the odds of work retention. In fact, resistance to
change and acceptance of the status quo may only lead to accelerated outsourcing
initiatives.
In summary, Operations Transformation in a mature company requires a significant
investment of time and money to overturn the historical processes and norms. More
importantly, it requires exceptional leadership to motivate teams and individuals to look
beyond the comfort of their everyday roles and challenge them to see the broader picture.
At the same time, leaders must maintain the ability to self-reflect and adapt themselves
accordingly.
30
Chapter 3. Manufacturing System Design and
Analysis
This section will evaluate the MES product mix and current state manufacturing process
as well as discuss the management tools used to design the future state lean production
system. The analysis is based upon Hamilton Sundstrand's Market Rate of Demand
(MRD) methodology for lean implementation calling upon value stream mapping and
many other mixed model value stream concepts. In addition, several tools are developed
to manage the constraints inherent in an HMLV aerospace environment. The purpose of
these management tools is not only to aid in system design, but also to help establish buy-
in at all levels of the organization.
3.1 Goals and Metrics
The first step in any change initiative is to establish a set of goals and metrics in order to
monitor progress. The Operations Transformation team chose to utilize a standard set of
Hamilton Sundstrand management metrics called the "6-Pack." The 6-pack consists of
the following:
1. Inventory Turns: The number of times inventory turns over per year.
2. On-Time Delivery: The quantity of parts that were delivered to the customer
(both internal and external) on-time divided by the total quantity of parts that
were due.
3. Order Cycle Time: The number of shop days (excludes weekends and holidays)
from release of a work order to the stocking of a finished good.
4. Quality SRR$: The expense (in dollars) charged to scrap, rework, and repair of
parts.
5. Safety (OSHA Recordable Accidents): The number of accidents that have
occurred within the cell that are recordable according to Occupational Safety and
Health Administration (OSHA) standards.
6. Product Cost Index: The actual hours charged to production work orders divided
by the standard hours allowed for those work orders including planned inspection
and planned variation from standard.
The primary goal was to implement a lean production system in an effort to considerably
improve the first three metrics while maintaining the last three. In a change of this
magnitude, a short term deterioration of several of these metrics is anticipated. One of
the challenges is to manage expectations and the risk associated with change.
3.2 Value Stream Mapping
Value Stream Mapping (VSM) is a pencil-and-paper tool used to: a) follow a product or
information activity path (or both) from beginning to end and draw a visual
representation of every process (value and non-value add) in the material and information
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flows, and b) design a future state map of how value should flow (that has "waste"
removed).
Value Stream Mapping at Hamilton Sundstrand is based upon the books and consulting
of Lean Enterprise Institute and Duggan & Associates, Inc. Some of these books were
discussed in Section 1.5 including Learning to See 36 and Creating Mixed Model Value
Streams. This thesis assumes that the reader has a working knowledge of VSM. For
more information, please refer to the aforementioned references.
In order to better understand the entire manufacturing process and to establish a baseline,
the Operations Transformation team held a VSM event. The output of the event, a
current state value stream map, is shown in Figure 6. The event was very successful in
helping each member of the cross-functional team to understand the entire value stream
and to think in terms of global improvements. In order to achieve global improvements,
it is important to understand how changes in individual areas impact the entire system. In
addition, analyzing the entire value stream allows a team to focus resources on areas that
will have the most significant potential impact. The detailed output of the current state
map, which cannot be seen in the picture, includes an understanding of the material and
information flow, the determination of inventory buildup locations, and the measurement
of process cycle times.
Figure 6. MES Current State Value Stream Map.
35 Definition adapted from Duggan, supra, note 16, p 1 84 .
36 Rother and Shook, supra, note 14.
3 7 Duggan, supra, note 16.
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Figure 7 shows the current state process flow for MES products. In general, it is a serial
manufacturing process with all products following the same common process flow.
However, when units reach assembly, each is routed to a specific technician who
specializes in that particular product. The work is performed from start to finish at a
single bench by a single technician, generally one piece at a time. Similarly, at test, units
are routed to another technician at a particular test rig (one of about 20) that is
specifically designed to test only a small subset of the entire product line. After test, the
products follow exactly the same process. Not shown in this diagram is the rework loop
that connects test back to assembly.
It is also important to note that, in the current state, every process step in Figure 7 with a
red "prioritize" burst is scheduled on a continual basis by the shop supervisors. Priorities
change hourly as supervisors react to system variability caused by test failures, part
shortages, and resource allocation constraints.
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Figure 7. MES Current State Process Flow Diagram.
Figure 8 outlines the current state lead time ladder. Working from right to left, the
customer production start date is the date that the customer plans to incorporate MES
products into their own assembly process. The customer cut date is the date that the
customer ideally would like to have MES parts on hand. This is the date to which the
MES on-time delivery metric is tracked. The customer allows MES to deliver up to two
days early indicated by the customer release date. MES plans to build to a 15 day buffer.
In other words, if everything goes as planned, a product would be ready to ship on the
Hamilton Sundstrand (HS) MRP manufacturing due date, 15 days prior to the customer
cut date. Generally, this buffer is consumed by test failures and part shortages. Another
important point is that MRP plans the ordering of all the components to this schedule,
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treating both high and low value parts as well as suppliers with good and bad delivery
performance the same. Chapter 4 will propose an alternate replenishment strategy.
MRP allows 10 days to build a given product and requires all supplied parts to be
delivered on or before the supplier parts due date. Suppliers, who have been producing to
forecast are given pull signals on the supplier release date, 5-15 days in advance of the
supplier parts due date depending on their geographic location.
It is interesting to note that in a process that requires approximately 35 days from supplier
release date to customer production start, there are only about 10-50 hours of value added
time. Assuming a single shift 7-hour work day, most products can theoretically be
completed in one work week.
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Figure 8. Current State Lead Time Ladder.
One source of waste that was made abundantly clear after walking the process was the
excessive travel distance required in the current state. Because test was located in a
separate building, a van was needed to transport parts back and forth. The red dashed
spaghetti lines in Figure 9 show the current state process travel distance. The process
starts in Building 2A, travels to the Hot Fuel Lab for assembly, then to Building 2 for
test, then back to the Hot Fuel Lab for process and inspection, and finally to Building 1
for shipping. Test failures, which require additional transportation between test and
assembly, only exacerbate the problem.
The future state spaghetti diagram is also shown as a solid blue line in Figure 9. One of
the action items stemming from the VSM event was to move the assembly, process, final
inspection, and customer inspection processes from the Hot Fuel Lab up into Building 2
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where they will be collocated with test. Not only will this significantly reduce the
process travel distance and eliminate the need for a van, the move will also reduce the
factory footprint and overhead rate.
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Figure 9. Spaghetti Diagram Comparing Current and Future States.
3.3 Product 80/20 Analysis
In an HMLV environment, it is important to understand how each product in the portfolio
contributes to annual demand and factory load. There is a large percentage of products
that are built infrequently and do not contribute significantly to overall factory load and
should be excluded from a flow line38 implementation. Instead, these products (called the
MRP family) should be manufactured using the traditional MRP system. On the other
hand, there is a small percentage of products that are built regularly and make up the
majority of the overall factory load. These products are the prime candidates for mixed
model flow lines.3 9 These products are grouped into the MRD family.
Figure 10 shows the MES 80/20 product load analysis. The products built at MES are
listed along the x-axis. The sorted cumulative percentage of shop load for all products is
plotted along the y-axis. The shop load percentage for each product is determined by
multiplying the annual demand by the standard production times for each unit and then
normalizing by the total shop load. As shown in the chart, the first product accounts for
16% of the total shop load. Although annual demand also can be used in the 80/20
analysis, shop load was chosen for MES because it is more representative of the actual
38 A flow line is defined as a lean manufacturing cell in which product is passed from one assembly station
to the next in a continuous, one-piece flow fashion with no inventory buffers between stations. This is
fundamentally different than the current state in which product is built by a single technician at a single
bench in a job shop fashion.
39A mixed model flow line is a flexible flow line in which multiple products can be efficiently built with a
lot size of one.
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work content. Using demand would have favored high volume, quickly built products for
flow lines even though they are a small percentage of the actual factory load.
The 80/20 analysis is a tool to help determine which products are most suitable for mixed
model flow lines. Typically, the products making up the first 80% of the shop load are
the best candidates for flow lines (MRD family) while the rest will continue to be
managed with the traditional MRP system (MRP family). For MES, about one third of
the product numbers have been flagged for mixed model flow-lines.
Mechanical Engine Systems - WL
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Figure 10. MES 80/20 Product Load Analysis.
3.4 Product Family Matrix
The product family matrix is used in conjunction with the 80/20 product analysis to
determine exactly which products will be included in the MRD family and how each of
those products will then be grouped into one or more mixed model flow lines. Products
grouped in a flow line typically pass through similar down stream processes and have
similar overall processing times. The product family matrix, which is detailed in
"Creating Mixed Model Value Streams," is a matrix with a list of products as the row
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40 Duggan, supra, note 16.
headers and a list of processes as the column headers. An X is placed in each cell where
the product requires the process, so that the matrix can be visually sorted into similar
product groups. The product families are then revised by replacing the Xs with
processing times. "As a general rule, the total work content of the downstream process
steps for each part in the product family should be within 30% of each other."Al
Figure 11 is the completed product family matrix for MES with disguised product and
42technician names. In addition to processes and work content, technician certification
was used as a primary constraint in grouping product families. Although in the long
term, a training plan can be implemented to overcome this constraint, the technician
certification matrix cannot be instantly adjusted. In the short term, the constraint must be
considered in order to establish operational flow lines by the proposed deadline. The
cross-training limitation will be discussed in more detail in Section 3.9.
The MES product family matrix is divided into three main process steps (assembly, test,
and final process) and broken down into work content and resource assignment. Relevant
sub-steps are also indicated. Initially, MES will have seven mixed model flow lines with
further consolidation of groups #5 and #7, as well as groups #2 and #6, once appropriate
resource cross training occurs. The shaded columns indicate that the technician is
currently trained to build all products in that family.
41 Ibid, p37.
42 Note: Not all MRP products are included in this matrix.
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Figure 11. MES Product Family Matrix.
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3.5 Takt Time Calculations
Takt time is "the rate of customer demand; how often the customer requires one finished
item."43 It is the drumbeat of the factory and is used in many lean production system
design calculations. Takt time is calculated using the following formula:
Takt Time = effective working time
sum (demand during that time period)
where the effective working time is the amount of time the factory is producing during a
given time period. For the purposes of this calculation, a time period of one year was
used. For more detailed planning purposes, it may make sense to look at takt time on a
quarterly or even monthly basis. Finer time increments allow the customer demand to be
followed more precisely; however, this comes at the expense of constantly re-leveling the
line to accommodate more frequently changing takt times and potentially disrupting
supplier product flow. An alternative to frequent takt time adjustment is better demand
management. The effective working time is calculated as follows:
effective working time = C hours shifts ( working days
shift )(working day) year
hours = 8 total hours -0.5 break hours - 0.5 meeting hours =7
shift
shifts 
-2
working day
working days5
working days = (3 6 5 f weekdays -13 holidays = 248 working days
year k7J)
effective working time = (7 V2X248) = 3468 hours
year
For an overall factory demand of 2700 units per year, the takt time is then:
3468 hours
Takt Time year 1.3hours
2700 units unit
year
The takt time suggests that every 1.3 hours during a 2-shift day, a product should be
produced.
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4 Duggan, supra, note 16, p1 83 .
Takt time can also be calculated for an individual product. For example, if the annual
demand for Product A is 300 units, Product A will have a takt time of:
3468 hours
T TA = year =11.6 
hours
300 units unit
year
3.6 Actual Work Content Analysis
In order to reinforce the product family decisions that were made based on the product
80/20 analysis and the product family matrix, a more detailed work content analysis was
performed for the assembly, test, and final process steps for each MRD product group.
Table 2 shows the analysis for the assembly process for product group #3. This table
does not factor in assembly rework, although this analysis was also performed.
Table 2. Product Group #3 Assembly Work Content Analysis.
Group #3 TT Demand Labor Mean Stdev CoVar % Dev
Cumulative 6.28 270 13.4% 8.26 1.86 0.22
JFC D 15 116 5.0% 8.50 1.78 0.21 3%
JFC E 37 46 2.5% 7.00 1.08 0.15 -15%
JFC F 39 44 2.4% 7.57 1.19 0.16 -8%
JFC G 39 44 2.4% 9.64 2.80 0.29 17%
JFC H 85 20 1.1% 8.35 2.28 0.27 1%
The table shows the takt time, the annual demand, the percent of shop labor load, the
mean processing time, the standard deviation of process time, the covariance of process
time, and the percent deviation from average processing time for each product in the
group. In addition, the table includes cumulative calculations for the product group as a
whole. For example, the takt time for the entire product group (consisting of i =5
products) is 6.28 hours and is calculated as follows:
1
Cumulative TIT = 1
T T7
The product group demand is 270 units which contribute to 13.4% of the shop labor load.
The weighted average mean processing time for the group is 8.26 hours, and is calculated
as follows:
E(Mean XDemandi)
Cumulative Mean =
XDemand
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Similarly, the weighted average standard deviation of processing time and the weighted
average coefficient of variation are calculated as follows:
2:(Stdevi )'(Demand, i
Cumulative Stdev =Demand
~Demand,
E(CoVar, XDemand,)
Cumulative CoVar =
Demand,
where,
CoVar = Stdev
' Mean.
The percent deviation from average processing time is calculated for each individual
product as follows:
% Devi = Mean - Cumulative Mean
Cumulative Mean
There are several important numbers and observations that are formulated from this
analysis. The first number is the product group takt time, which is used extensively in all
aspects of system design including capacity planning, bottleneck analysis, and
scheduling. The mean processing time is also important because it defines the system's
ability to produce and is used in capacity planning flow line layout. Comparing mean
processing time with cumulative takt time shows management that more than one
resource will be required to support this flow line.
The percent deviation measurement is an alternative method of comparing work content
between products. Instead of comparing the maximum and minimum processing times,
this measurement compares all processing times to the weighted average processing time
for the entire product group. If the percent deviation were outside +/- 20% of the
cumulative mean, there would be cause for alarm. If this were the case, the variability
being introduced might lead to excessive blockage and starvation for the flow line
workstations. In other words, if a quick product follows a slow product, the quick
product might end up waiting for the slow product to be completed before moving to the
next workstation. This is called blockage. Similarly, if a slow product follows a quick
product, the technician at the workstation downstream from the slow product will finish
the quick product and then might wait before the slow product arrives. This is called
starvation. Generally, if the takt time is met, blockage and starvation are not necessarily
an indication of a poor process. However, in a resource constrained environment such as
MES, this waiting time could be more efficiently used to perform work elsewhere.
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Because processing times are stochastic, blockage and starvation can occur even when
the same product appears several times in a row. For this reason, it is also important to
look at processing time standard deviation and coefficient of variation for each product.
A coefficient of variation greater than 0.20 indicates that there is a significant amount of
variability in the process. This variability creates waste and both can and should be
eliminated. For this reason, the criterion should not be used to exclude a product from a
grouping, but instead used as a signal to focus improvements on the process and as a
metric to track improvements.
3.7 Process Flow Redesign
Figure 12 is a future state map for the overall MES lean production system. The system
operates with single point scheduling, where customer demand is filled from a finished
goods supermarket and triggers a kanban" pull signal at assembly. The assembly process
pulls parts that are also on a kanban replenishment system. The product then flows
through inspection, test, process, and final inspection to refill the finished goods
supermarket.
Supplied Parts L j Finished 
Goods
POU Supermarket
-L
Single Scheduling Point!
Figure 12. MES Future State Process Flow Diagram.
The primary reason for choosing to schedule from the supermarket is that poor test yields
prevent predictable manufacturing order cycle times. The finished goods supermarket
can be strategically sized for each product accounting for all the process variability in
order to meet customer demand. Additionally, the finished goods supermarket will allow
MES to react very quickly to customer demand. As customers push towards shorter and
shorter replenishment time fences, this system characteristic becomes quite appealing.
The supermarket is shown after final inspection because, at this point in production, the
4 A Kanban is a signaling device that gives instruction for production or conveyance of items in a pull
system. Duggan, supra, note 16, p180.
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units will be protected and preserved for storage, fully inspected, and ready to be shipped.
This is fundamentally different from the current state where all products, regardless of
cost and process variability, are buffered with lead time and scheduled at every point in
the production process based on continually changing priorities.
3.8 Capacity Planning and Resource Allocation
Because capacity is primarily labor resource constrained and the workforce is so
inflexible due to the union environment and the skills required, it is very important to
understand the relationship between capacity and future demand in order to appropriately
allocate resources. For this reason, a detailed capacity planning tool was developed to
help guide management decisions. There are five main management decisions that the
capacity planning tool assists with including: managing technician headcount, assigning
resources and planning overtime, level loading monthly demand, determining near term
training needs, and identifying other potential capacity problems early on so that
appropriate actions plans can be implemented.
The first component of the capacity planning tool, the calculation of net available time
per month (factoring in holidays and employee absences) is shown in Table 3. The data
is based on the 2005 calendar and historical attendance records for the past three years.
The example assumes one shift operation with seven available hours per day. The model
highlights and accounts for the fact that there are several holidays in December and there
are typically more vacation days taken in July.
Table 3. Net Available Shop Hours Per Month Calculation for 2005.
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Days per month 21 20 23 21 22 22 21 23 22 
21 22 22
Holidays 2 1 1 1 1 
2 5
Net days per month 19 20 23 20 21 22 20 23 21 21 20 
17
Historical Attendance % 88.5% 91.0% 93.2% 90.8% 89.4% 89.7% 82.6% 90.1% 89.6% 
92.7% 92.9% 91.3%
Net available hours per month 115 125 147 124 128 135 113 142 129 133 127 
106
Table 4 extends the analysis to account for monthly takt time by factoring in monthly
demand. Highlighted in this example is the fact that January's load is significantly higher
than for other months. It is suspected that this is the result of Hamilton Sundstrand (and
perhaps its customers) pushing out orders in December to flush inventory out of the
factory in order to hit the year end metrics. Obviously, this behavior is not desired and
requires management to take further action to level load the demand spike.
Table 4. Monthly Actual Takt Time.
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Demand 240 172 167 201 174 224 171 161 
170 142 131 161
Mownth's actual TT 0.48 0.72 0.88 O.W2 0.74 0.60 0.66 0.88 0.76 0.94 
0.97 0.6
The demand data was then broken out and analyzed in more detail for each flow line
product grouping. Table 5 is a spreadsheet model that factors in quarterly leveled
demand with monthly available time to determine specific resource allocation for both
assembly and test for product group #3. The output of the model is twofold. First, the
model determines how many resources should be assigned to each flow line every month
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given the actual number of resources required and the maximum number of resources
available. Secondly, the model allows the manager to input an overtime percentage for
each month and determine whether the cell will be ahead or behind customer demand for
each month cumulatively over the whole year. The ideal value for all entries in the row
named "cumulative behind," is zero. This means that the capacity and resource
allocation is such that customer demand will be met precisely for that month. A value of
-0.5 should be interpreted as follows: in order to meet customer demand for that month,
an extra half of a resource should be allocated to that particular flow line. If the extra
half resource is not allocated and no overtime is run, the cell should expect to be behind
by a half resource worth of work. Likewise, a value of 0.5 indicates that the
manufacturing cell is over building for that month and a half resource might be better
utilized on another flow line.
Table 5. Group #3 Yearly Capacity Planning with Excel Grid.
Ma, Apr May dun Jul RUg aDp urn P"Os uec
_actulTT _1 1 J 1 541 .71 5.2154171 5.3816.71 6.131 5.6 .9 .5
ibly with rework 11.141 Ava 0%/
required 2.2 32.061.75 2.12 2.0551 A195 2.07 1.65 =1.82 1.87 1.96 2.34 1.991 Max)urces 1 .2 2 2121 2 2 21 2 21 2 221 2j 2
_____j 0% 00/01 00% 0%_0 1__ 0%j0 0% 0[_ _
imulative behind 01 0.23)t 0.29) (0.04)1 0.16)1 (0.211 0.1t7) £0.24 10.11 I0.291 0.421 0.481 0.121 0.01
! ..._II OrT max
Test with rework 9.09 0%
# resources required 1.82 1.68 1.43 1.73 1.68 1.60 1.69 1.35 1.48 1.53 1.60 1.91 1.62 Max
monthly resources 2 2 1 2 2 1 2 1 2 1 2 2 2
cell overtime 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
cumulative behind 0 0.18 0.50 0.07 0.34 0.67 0.07 0.38 0.03 0.55 0.02 0.42 0.51 0.31
The model begins with demand data for the product group leveled on a quarterly basis.
Using the actual time available on a monthly basis from Table 3, a monthly actual takt
time is calculated. This takt time represents the rate at which the flow line must operate
during that particular month to keep pace with the quarterly leveled customer demand.
The next piece of data that is used is the actual mean processing times for both assembly
and test, which were calculated in Table 2 of Section 3.6. The discrepancy between the
"mean" value in Table 2 and the "assembly with rework" value in Table 5 is that Table 5
factors in the processing time for the assembly rework loop. Similarly, the actual mean
processing times for test in Table 5 include rework.
The model then calculates, for both the assembly and test process steps, the # of
resources required to meet the customer demand, RR, , for each month k according to
the following equation:
Actual mean process time
# of resourcesk R =
Month's actual TTk
It is important at this point in time to define the term "resource." In this thesis, a resource
is defined by the presence of a person or technician for the duration of the factory's
available time. In other words, assigning a resource assumes that if the preferred
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technician is absent or unavailable, a substitute will be assigned. The distinction
becomes important when transitioning from a discussion on general capacity planning to
actually assigning technicians to flow lines and developing detailed training plans. For
now, the discussion will revolve around resources.
On the right-hand side of Table 5 are two fields that represent management assumptions
called "Max" and "O/T max." "Max" represents the maximum number of resources that
management is willing or is able to assign to this flow line. This may be limited by
product certification or even by the fact that resources are simply needed elsewhere and
cannot be spared. "O/T max" represents the percentage overtime a supervisor may
expect the flow line to run as a maximum. The number can be estimated by factoring
historical trends for each technician assigned to the line. For illustrative purposes, this
number is set to 0%. A realistic range is between 0-30%. The "cell overtime" row is also
a model input determined by management. Once again, for illustrative purposes, the
values are set initially to 0%. Cell overtime will be further discussed later in this section.
The row titled "monthly resources" is where the primary model calculations reside. The
objective is to determine how many resources to apply to the flow line each month given
a maximum limit, the possibility of overtime, and the desire to drive the "cumulative
behind" number to zero. The equations for "monthly resources" are in Excel format
defined by the grid in Table 5. The "monthly resources" for cell C7, which can then be
copied across the table from C7 to N7, are as follows:
C7 = if(min($P7, C6 - B9 -$P7 * $P5) > 0, min($P7, roundup(C6 - B9 - $P7 * $P5,0)),0)
This equation performs a couple of functions. First of all, through the "if' statement, the
equation checks to see if there is work to be done. In the case that the cumulative behind
were positive (in other words ahead of schedule) and there is no work to be done in the
next period, the "if' statement will assign zero resources. If this "if' statement were not
incorporated, the equation would be able to choose negative workers. This is of course
unrealistic.
Next, through the "min" function, the equation compares the number of resources needed
with the max number of resources available to work on this flow line and chooses
whichever is smaller. This portion of the equation prevents the system from assigning
more resources than are physically available or more resources than are needed to
complete the work.
The amount of work to do is calculated using the "roundup" function. The amount of
work to be done in the next period is the amount of work scheduled for the next period
(C6) plus the amount of work carried over from the prior period (B9) minus the amount
of work that can be made up in scheduled overtime (P7*P5).
In algebraic form, the equation for "monthly resources," MRk, for month k is given by
the following:
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MRk = fmin(MXRWTDk )> 0,
else,
where the variables are defined in Table 6.
roundup (WTDk)
0
Table 6. Monthly Resources Equation Variables.
Variable Description Equation
MXR Maximum assignable
resources, "Max"
WTDk Work to do for month k = RRk -CBkI - MXR * OTX
OTX Maximum overtime as a
percentage, "O/T max"
CBk-_ Cumulative behind for month = MRk_ (1 + OTk_ )- RRk_ + CBk_2
k -1, where CBO = 0
OTkl_ Overtime (as a percentage)
planned for month k -1
The "cumulative behind," CBk, for cell C9, which can be copied across the table from
C9 to N9, is defined as follows:
C9 = C7+ C8* C7 - C6+ B9
The cumulative behind for each period is given by the number of resources assigned
(C7), plus the overtime resources scheduled (C8*C7), minus the number of resources
required (C6), plus the carryover from the prior period (B9).
Although the capacity planning tool calculates the number of monthly resources that
should be allocated automatically, there is one bug that needs to be monitored. Ideally,
the equation for monthly resources for cell C7 wants to be the following:
C7 = if(min($P7, roundup(C6 -B9 -C7 * $P5,0)) >0, min($P7, roundup(C6 -B9 -C7 * $P5,0)),0)
Unfortunately, this leads to a circular reference error in Excel. As a result, C7 was
replaced with $P7 in the formula. In most instances, this is a valid replacement.
However, if the "O/T max" were 30% and the "Max" were 2, the model might assign one
resource because it thinks that the resource could do two resources worth of overtime (or
60%). These errors can be manually overridden.
The data in Table 5 shows that with no overtime, production will fall short of customer
demand for the first seven months of the year. After inputting an "O/T max" of 30% and
adjusting the "cell overtime" iteratively, a better resource allocation was established. The
results are shown in Table 7. An optimization program could be written to automate this
process.
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Table 7. Group #3 Yearly Capacity Planning with Overtime Balancing.
Group #3 Jan Feb Mar Apr May Jun Jul Aug Sap Oct Nov Dac
Demand 23 23 23 23.7 23.7 23.7 21 21 21 22.3 22.3 22.3
Month's actual TT 5.00 5.41 6.37 5.25 5.43 5.70 5.38 8.75 6.13 5.96 5.69 4.75
OfT max
Assembly with rework 11.14 Avg 30%
# resources required 2.23 2.06 1.75 2.12 2.05 1.95 2.07 1.65 1.82 1.87 1.96 2.34 1.99 Max
monthly resources 2 2 2 2 2 2 2 2 2 2 2 2 2
cell overtime 12% 3% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
cumulative behind 0.00 0.00 0.25 0.13 0.08 0.12 0.05 0.40 0.58 0.71 0.75 0.41 0.29
O/T max
Test with rework 9.09 30%
# resources required 1.82 1.88 1.43 1.73 1.68 1.60 1.69 1.35 1.48 1.53 1.60 1.91 1.82 Max
monthly resources 2 2 1 2 2 1 2 1 2 1 2 2 2
cell overtime 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
cumulative behind 0.18 0.50 0.07 0.34 0.67 0.07 0.38 0.03 0.55 0.02 0.42 0.51 0.31
Figure 13 plots the overall monthly resource requirements for MES, which is the sum of
the "# resources required" for assembly and test for all flow lines. The scale is
normalized to the current staffing to hide the details.
At this point it is necessary to introduce a new term called "perfect resources." A perfect
resource assumes that if a fraction of a resource is used on one flow line, the remaining
fraction of the resource can be assigned to another operation. In other words, a perfect
resource is fully cross-trained and flexible. Obviously, this is not an accurate assumption.
As a result, the number of overall resources required to run all flow lines is
conservatively low and may be viewed as a minimum. The results shown in Figure 13
assume perfect resources.
The spike in January is mainly due to the fact that there will be a significant amount of
work carried over from the previous year that will need to be flushed through the
production system. The goal is to burn down this overdue.
Overall Monthly Resource Requirements for MES
(Assembly and Test)
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Figure 13. Overall Monthly Resources Required for MES Assembly and Test.
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Figure 14 plots the cumulative percentage of work complete (the sum of all the
"cumulative behind" for all of the flow lines). Similar to the individual flow line
cumulative behind, the cumulative percentage of work complete is a measure of the
factory's ability to meet customer demand from a capacity perspective. The target is
100%, which means that the factory is staffed such that customer demand is met precisely
and there is neither overdue work nor over producing. As was the case with Figure 13,
Figure 14 also assumes that there is a significant amount of work that will be carried over
from the previous year. However, Figure 14 assumes that no overtime will be utilized.
Overtime is instead reserved to counterbalance the fact that MES does not have perfect
resources. It is also important to note here that although correlated, the cumulative
percentage of work completed is not equivalent to on-time delivery to customer.
Additional buffers are built into the production system to account for this. One goal of
this capacity planning model is to better understand the resource staffing problem such
that suboptimal buffers can be removed from the system resulting in quicker overall cycle
times.
2005 Monthly Direct Labor Capacity (with overdue burndown)
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0
0%
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20%
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1 2 3 4 5 6 7 8 9 1,0 11 12
Month
Figure 14. MES 2005 Monthly Direct Labor Plan.
Each line in Figure 14 represents a different resource staffing level based on the current
level of X resources. At the current staffing level, MES would finish the year with the
same amount of overdue to be carried over into the following year as was carried over
into the current year. In other words, the line would not reach 100% and MES would
never catch up to meet customer demand. Adding resources enables MES to eliminate
overdue with each incremental increase shortening the overdue bus down timeframe.
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The break even point for the proposed future state resource staffing level of X+5 is in
July as indicated by the red vertical line.
Even aside from the overdue carryover in January, the forecasted demand data and
resulting resource requirements shown in Figure 13 indicate a declining trend over the
course of the year. Since staffing plans, at least at MES, are typically determined based
on average annual need, one might expect production to fall behind in the beginning of
the year (because there are too few resources to match customer demand) and then catch
up at the end of the year (when there are more resources than required by current demand
rates). This phenomenon is consistent with the current staffing curve in Figure 14.
After further investigation of the yearly demand trends, it was discovered that six months
out, the demand was firm. However, beyond that, the demand tended to be
underestimated. As time progressed, the demand out farther than 6 months began to fill
in, leveling out the demand over the course of the year. This means that when MES plans
for the average resource staffing level based upon a declining demand forecast, the
production will fall behind initially and, as the demand fills in, may never catch up. This
is one of the main reasons why MES continually runs excessive overtime.
The underestimated demand forecasts also suggest that even under the proposed future
state staffing plan, the overdue bum down might not be as fast as expected. Additionally,
the percentage that the curve runs above 100% cumulative work complete might not be
nearly so overwhelming. In the future, MES will want to incorporate a more accurate
demand forecast when planning capacity and resource staffing instead of simply
accounting for firm customer orders.
If a given staffing plan results in too much capacity at the end of the year (or more
generally a demand lull at any point in time), management can be faced with pressure to
reduce headcount. Unless there is some long term indication that demand will not
recover, a decision to reduce headcount might be considered shortsighted. Technicians at
MES are highly skilled and not easily replaced. Instead of looking just at the cost of
paying unutilized or underutilized technicians versus the savings of not paying,
management must look at the overall cost of a layoff. This includes the cost of hiring and
training a new employee if demand ramps up. This cost, in fact, can be quite significant.
The impact of losing a technician, whether to layoffs or attrition, is discussed in more
detail in Section 3.9. Instead of reducing headcount, management may instead want to
perform additional cross-training or find an alternative means to keep technicians
occupied, perhaps by assigning them manufacturing engineering responsibilities.
This section has focused on capacity planning from a resource perspective. Although
MES capacity is predominately limited by people, it is also important to analyze the
capacity of the test rigs. Test rigs are not currently a capacity limiter or a bottleneck, but
this assumption should be continually challenged as the system evolves.
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3.9 Cross-Training
As discussed in Section 2.3, there are two main challenges with respect to resource
allocation. The first is maintaining the required technician skill set in the face of an aging
workforce. The second challenge is overcoming a lack of sufficient cross-training, which
limits the flexibility of the work force and causes the major capacity constraint on the
production system.
In order to address these challenges, a long term resource training plan was developed.
The long term training plan factors in the current training certification matrix along with
the certification requirements for each product in order to quantify the training
investment that has been made and to establish a measurement for current shop floor skill
set. The model then estimates the expected retirement date for each technician and
calculates an annual training rate necessary to backfill any lost experience and maintain
the core workforce skill level.
Figure 15 is a simplified long term training plan used to demonstrate the tool. The
training certification matrix, shown in cells A6:G1 1, is a grid that identifies which
technicians have been certified for each product. A "one" is entered in each cell where
the technician has been certified on that product. In addition, the age of each technician
is tracked.
Shop Experience Retention Plan Avg Retirement
Training Certification Matrix
g a0_ a.- a-
Technician 1 57 1 1 1 1
Technician 2 67 1 1
Technician 3 47 1 1
Technician 4 48 1
Technician 5 42 1
Units for Cert 5I 51 51 51 5I
Build Time 10 5 20 15 10
Efficiency Factor 1.5 1 1.5 1.5 1.2
(n (L I a) d3 a.
75 0 150 0 60.
0 25 0 0 60
75 0 0 113 0
0 0 0 0 60
75 0 0 0 0
Total Shop
Experience 6931
Perfect X-Training
Experice 2113
% of Perfect X-
Training 33%1
Age 65
Benefit
Contingency Age 55
Tota
Technician Training Backfill
Experience Requirement
285 142.5
85 85.0
187.5 10.4
60 3.5
75 3.3
Current Year
Training Plan 2447
Training Plan
Capacity Erosion 5%/
Figure 15. Shop Experience Retention Plan.
Cells 12:N4 detail the effort required for certification on each product. "Units for cert"
defines the number of consecutive units a technician must successfully build under
supervision to gain certification. The "Build time" defines the amount of time in hours
required to build a unit. "Efficiency factor" is an adjustment factor to account for the fact
that it will take an inexperienced technician longer to build a unit. For example, an
efficiency factor of 1.5 means that an inexperienced technician would take 1.5 times
longer to build a unit than an experienced technician.
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Cells J6:N1 1 calculate the amount of training time that has been invested for each
technician certification according to the following equation, which can be copied across
the grid:
J7 =C7*J$2*J$3*J$4
In words, the equation multiplies the technician certification matrix (C7), by the number
of units required for certification on a given unit (J$2), by the time in hours it takes to
build the given unit (J$3), by the efficiency factor of an inexperienced technician
building the given unit (J$4). For this example, cell 17 indicates that 75 hours have been
invested in training technician 1 on product A.
The algebraic form of the equation is as follows:
Tj =CjUiBiE
where T. is the time invested in training technician j on product i , C is a binaryi i
variable indicating whether technician j is trained on product i, Ui is the number of
units a technician needs to build to become certified on product i, Bi is the time required
to build product i, and E is the efficiency factor of an inexperienced technician building
product i.
In MES, it is not at all uncommon for certification on a particular product to require
upwards of 150 hours for a new technician while being monitored by an experienced
technician. In other words, training occupies two technicians who will produce at a rate
slower than one experienced technician, thus eroding the resource capacity. 150 hours
translates to a little over 21 days, or a month's time, required to train a technician on a
single product. If demand rate is less than five units in those 21 days, which frequently is
the case, training for a single product can extend over several months. This constraint
makes it very difficult for MES to shift its manufacturing philosophy from a single
technician bench build over to a mixed model flow line production system. Cross-
training such that technicians receive the full set of skills and certifications for an entire
product family is a slow process. It is this very fact that convinced the team to include
the technician certification matrix in the product family matrix as a major constraint in
product grouping at least in the short term.
Cells J1 3:N15 calculate three baseline metrics that are used to understand the current
factory cross-training status. The "total shop experience" is defined as the amount of
time invested in the current certification matrix and is calculated in Excel by summing
the invested training time for each technician on each product as follows:
N13 = sum(J7: Ni 1)
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The algebraic form of the equation for "total shop experience", TSE, is given by the
following:
N M
TSE =E Z Ti
J 1
where N is the number of technicians, and M is the number of products.
The "perfect x-training experience" is defined as the amount of time that would be
invested in training if all the technicians were certified on all the products. Perfect x-
training experience is calculated in Excel as follows:
N14 = 5 * sumproduct (J2: N2, J3: N3, J4: N4)
The algebraic form of the equation for "perfect x-training experience," PXTE , is given
by the following:
M
PXTE = NXUBE,
The "% of perfect x-training" is defined as the percentage of total possible cross-training
that has been conducted to date and is calculated in Excel as follows:
Ni 3N15=--
N14
In algebraic form, the "% of perfect x-training," %PXT, is given by the following:
%PXT = TSE
PXTE
The percent of perfect cross-training is a metric that is worthy of management visibility.
It is a direct reflection of the flexibility of the workforce and should be tracked over time.
The actual current state value of percent perfect cross-training at MES is around 32%
indicating significant room for improvement. In fact, when the metric is well below
100%, the marginal benefit of additional training is quite substantial as shown in Figure
16.
52
High
% rs 
-Tann
c-
C
Low
00 100
% Cross-Training
Figure 16. Marginal Benefit of Additional Cross-Training.
Column P in Figure 15 calculates the total training experience in hours that has been
invested in each technician according to the following Excel equation, which can be
copied down the column:
P7 = sum(J7: N7)
In algebraic form, the "total technician experience," TTE, is given by the following:
M
TTEJ = T
Another way to interpret the "total technician experience" is the amount of time it would
take to train a new employee to be equally certified. In a sense, it is the replacement cost
for a technician. In fact, this replacement cost should be examined in the event that
management is considering layoffs. MES actually has technicians with training
experience amounting to nearly 1500 hours. Given that a typical technician will
contribute about 1000 hours of labor per year,45 it would take a replacement technician
one and a half years to become equally certified. During this period, the training would
occupy an additional technician in order to supervise. This also assumes that the
appropriate demand is available in order to train on the appropriate units. Even after all
the training, the new technician would still not be nearly as proficient as the experienced
technician. There is a substantial amount of tacit knowledge or black magic involved in
the assembly and test of jet fuel controls. Although this suggests the need for better
45 This is based on historical data at MIES.
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operation books and more standard work, the discrepancy between experienced and
inexperienced technicians cannot currently be overlooked.
The lesson to be learned here is that if training is not done proactively, the loss of an
experienced technician could lead to serious resource allocation issues and could
potentially cripple the production system. This fact reinforces the assertion that a long
term resource training plan is vital to the success of MES.
Thus far, the long term training plan calculations have been used to understand and
quantify the magnitude of the cross-training challenge. The next portion of the model
establishes a proactive training recommendation, labeled "current year training plan,"
which is defined as the amount of training in hours required over the course of the year to
counterbalance the effects of expected attrition and maintain the current "total shop
experience."
The model begins with a couple of inputs that can be adapted to varying business
conditions. The first input is the "average retirement age." The assumption here is that
the typical technician retirement age is 65 and that there is an equal probability of the
technician leaving in any given year leading up until his or her 65 birthday. The model
treats retirement conservatively in that it does not expect employees to continue after
turning 65. The second input allows management to assess the impact of potential early
retirement packages. The example considers the case that technicians above the age of
54 are eligible for an early retirement package and that 50% are likely to accept it.
Cells R6:R16 in Figure 15 estimate the training required to backfill the expected attrition
and retirement for each technician. In words, these cells categorize each technician based
on expected career length, and calculate the amount of training that needs to be done to
replace them. The following Excel calculation is copied down the column:
R7 = if(B7 >= $R$2 -1, P7, if(B7 >= $R$4 -1, P7 / 2, P7 /($R$2 - B7)))
In algebraic form, the equation for "training backfill requirement," TBR, is given by the
following:
Ai >64, T TE,
TBR = if 54 & Aj <64, rTEj/2
Ai < 54, TTEj /(65 - Aj)
where Aj is the age of technician j.
The "current year training plan" is the sum of the training backfill requirements for each
technician and is calculated in Excel as follows:
R13 = sum(R7: R1 1)
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In algebraic form, the "current year training plan," CYTP is given by the following:
N
CYTP = ZTBRj
j
It should be noted that this training recommendation is the minimum training necessary
to maintain the current factory resource allocation flexibility. It is recommended that
MES management choose to adopt a more aggressive training plan in order to improve
the "% of perfect x-training" metric.
The last output of the model is the "training plan capacity erosion" which is defined as
the percentage of overall resource capacity that is dedicated to training on a yearly basis.
The calculation, shown below as an Excel equation, assumes that a resource contributes
1000 hours of labor per year:
R14= R13
5*1000
In algebraic form, the "training plan capacity erosion," TPCE, is given by the following:
TPCE =CYTP
N *1000
For MES, the training plan capacity erosion excedes 13%, which means that a substantial
portion of resource capacity will be consumed by training and that additional resources
will be required in order to compensate.
Although this long term resource training plan is proactive in nature, it does not
accommodate extreme circumstances like an experienced technician retiring
unexpectedly. It is important to incorporate exceptions into the model as the information
is obtained. The tool can then be used to allow management to quantify the impact or
potential impact of various scenarios in order to better manage risk.
In addition to a long term training plan, which quantifies the amount of training that
should occur, it is also important to create a tactical short term training plan that identifies
which technicians should receive training on each product. The process flow matrix and
the capacity planning tool are helpful in this regard.
In determining the short term training plan, it is also important to consider the marginal
benefit of training each technician individually. The marginal benefit of % cross-training
shown in Figure 16 also holds on an individual technician basis. There is a similar
relationship between the amount of cross-training an individual receives and the marginal
benefit on overall factory production flexibility. Technicians trained on few products can
gain a significant increase in flexibility with additional training. On the other hand,
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technicians who already are trained on many different products offer only marginal
increases in shop flexibility because they still can only build one unit at a time. This
reasoning suggests that older more experienced technicians are poor candidates for
training not only because they are approaching retirement age, but also because the
marginal benefit is low. That being said, in formulating a training policy, management
should take care to avoid violating any age discrimination clauses.
3.10 Flow Line Configuration
Although the emphasis of this thesis is not on the physical design or configuration of
mixed model flow lines, there were several important lessons learned during
implementation. This section will outline these rules of thumb and highlight their
benefits.
The first rule of thumb is that all flow lines should have a minimum of two workstations
to promote both visual and physical product flow. In addition, all flow lines should be
designed around an average work content requiring at least two technicians. This does
not mean that, even in periods of low demand, all flow lines must be staffed by more than
one technician. However, if on average there is only one technician, the flow line will
lose much of its inherent flexibility. Most importantly, flow lines promote a teamwork
mentality. When one technician falls behind, the other can overlap work to help catch the
line up. Additionally, flow lines can leverage a veteran-rookie relationship by putting an
inexperienced technician on the same line as an experienced technician to allow
interaction between the two and promote knowledge transfer and continual training.
Another benefit of multiple technicians and work stations is that training can be broken
up into smaller pieces. For example, on a flow line with three assembly stations, a
technician is only required to know one-third of the work to process a unit. The other
two-thirds will be done at other stations. Although it is ideal for all technicians to learn
all the operations, in the current state characterized by a lack of cross-training, the
flexibility of having inexperienced technicians quickly attain the certification necessary
to contribute at even one station of a flow line is extremely beneficial.
A second key learning is that FIF0 46 lanes are very useful, especially when the
downstream process is being fed by multiple processes upstream. The first FIFO lane
implementation occurred at final process. Final process receives units from many
different test rigs. The units were originally delivered to final process on a cart and
placed on a rack in no particular order in the next most convenient physical position.
This meant that management had to constantly monitor the rack to determine which units
were priorities. Installing a FIFO lane standardized the process such that arriving units
4 6 FIFO stands for "first-in, first-out" meaning that material produced by one process is used up in the
same order by the next process. FIFO is one way to regulate a queue between two decoupled processes
when a supermarket or continuous flow are impractical. A FIFO queue (or lane) is filled by the supplying
process and emptied by the customer process. When a FIFO queue gets full, the supplying process must
stop producing until the customer process has used up some of the inventory. Duggan, supra, note 16,
p17 9 .
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were placed in one end, and pulled by the final process technicians from the other. This
guaranteed that the unit that arrived first would get worked on first. Management still
had the ability to shuffle the order within the FIFO lane to expedite certain units, but in
general the implementation of the FIFO lane resulted in significantly less management
attention. Some other benefits of FIFO lanes include:
" Providing a visual indication of workflow.
* Limiting the amount of material waiting in queue.
* Helping identify potential problems in both upstream and downstream processes.
" Reducing the amount of scheduling and prioritization needed.
* Promoting a first-in first-out production system.
" Supporting the future state flow line manufacturing philosophy.
One recurring debate involved the decision between utilizing point of use (POU)47
material storage or kitted48 operations. The conclusion was that neither inventory
management philosophy was perfect and that each may be better suited to certain
manufacturing systems. The recommendation is that management analyze the
advantages and disadvantages of each philosophy prior to committing and that they be
open to exploring both options. Some of the benefits of each philosophy are outlined in
Table 8.
Table 8. Qualitative Comparison of POU and Kitting.
POU
* Fewer technician touches - pick parts directly from POU and assemble.
* Extra pick time lumped in with direct labor. Kitting is considered indirect labor and Hamilton
Sundstrand penalizes its operations for this.49
" Technicians can visually see when part bins are getting low.
* Manufacturing engineers are forced to reduce space used for inventory.
Kitting
* Better parts presentation. Parts are laid out neatly and accounted for.
* Technicians become aware that they are short a part before the shortage shuts down the line.
" More de-trashing can be done. De-trashing is the removal of component packaging including
cardboard boxes and plastic bags.
* Shortens cycle time (work is done in parallel).
* Experienced technicians are focused on building.
Another discussion arose in the decision on how to create and enforce visual product
flow. Although senior management at Hamilton Sundstrand typically promotes the use
of a cart both to build on and to transfer units from workstation to workstation, the
47 POU dictates that parts will be located as close to their point of incorporation into the product as
possible, typically at the workstation itself. Additionally, there will be just enough parts to maintain
production, but without any excess.
48 Kitting dictates that all the parts for an operation will be consolidated in a parallel process step and
presented as a complete set to the assembly technician.
49 This is an artificial financial metric which could potentially lead to functional sub-optimization and
should not be considered when designing the material presentation for a flow line. The constraint is noted
here because it is a current reality and should be challenged in the spirit of cross-functional systems change
and global operational efficiency.
57
implementation at MES was not a trivial one. There are many challenges regarding
ergonomics, safety, complexity, and cost that were prohibitive in the short term.
Nonetheless, the future vision is to build JFCs on carts.
3.11 Continuous Improvement
In any lean implementation, it is important to keep in mind that change is not a one step
process. Lean requires a culture shift that encourages employees at all levels to
continually question and improve the production system in an ongoing effort to reach the
perfect state. In addition to daily improvement efforts, manufacturing cells should
undergo a VSM event at least once a year. In the case of a newly adopted lean
production system, manufacturing cells should be revisited on a more frequent basis,
perhaps once per quarter. In this sense, value stream mapping is used as a continuous
improvement tool that is then followed by a series of kaizen events. The key to the
success of continuous improvement is to shift the mentality from "it's not my problem"
to "I know a better way to do this. Let's try it out."
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Chapter 4. Incoming Materials Strategy.
The purpose of holding incoming material (component) inventory at the assembly station
is to decouple the production process from many of the uncertainties inherent in the
supply chain including lead time variability, demand variability, quality defects, and
others. The goal is to prevent the occurrence of part shortages, which will prevent or
inhibit the technicians' ability to make product as demanded by the customer.
Separately, manufacturing managers are tasked with reducing inventory. Typically, a
reduction in inventory also results in an increase in part shortages. The challenge is to
balance and optimize these two conflicting metrics in order achieve the most efficient
manufacturing operation.
Traditionally, MES has cycled between a state of high inventory and good on-time
delivery and a state of low inventory and poor on-time delivery depending on the current
management style. Most recently, there has been a significant push to reduce inventory.
Lowering inventory is often compared to lowering the water level in a river. Problems,
like rocks, will surface and can then be addressed. However, the recent push to reduce
inventory has far outpaced the ability to react to problems. In fact, most problems that
are discovered are determined to be the result of part shortages as their root cause.
Figure 17 shows the negatively reinforcing part shortage dynamic. As the incoming
material inventory is reduced, technicians are faced with part shortages and are either
forced to stop building or to build short. When the short part arrives, the technician will
go back and install the part. Because the technician is no longer building to standard
work, there is a greater chance for mistakes to be made and for the generation of quality
turnbacks.50 Building short also results in increased assembly cycle time variation,
caused by increased waiting and redundancy of work. Decreased quality and increased
cycle time variation cause an increase in the overall manufacturing system variability
requiring earlier work order starts and increased work in process inventory to buffer
against the uncertainty. This in turn puts more pressure on management to further reduce
inventory, thus completing the loop. In the end, an excessive reduction in supplied parts
inventory does not actually result in a decrease in overall inventory and overshadows the
problems the reduction was meant to uncover. Additionally, reduced inventory has a
detrimental effect on the on-time delivery metric as well as on employee morale and
motivation, and is a show stopper to successful flow line implementation.
50 A Turnback is a product non-conformity that is discovered by the customer. Generally, the offending
product is returned at the expense of Hamilton Sundstrand. A turnback also has the potential to shut down
a customer's production floor and is damaging to the supply chain relationship.
59
Assembly part
shortages
Press r01t
reduc. in t cye
Figure 17. Part Shortage System Dynamics.
This chapter describes the incoming materials inventory control system developed by the
Operations Transformation team and the methodology for achieving the desired service
level (fill rate) with the minimum stocking levels.
This component inventory control system is fundamentally different from the current
inventory strategy at MES which looks at high and low value parts the same. Currently,
the MRP system looks at the customer delivery date and plans the work order start date
for that particular build when all the parts will be delivered so the shop can begin
manufacturing the unit. In planning for the work order start date, MRP takes into account
the manufacturing lead time and then adds a 15 day buffer to ensure on-time delivery to
the customer. This is a uniform buffer, previously shown in Figure 8, used for both high
and low value components to accommodate late supplier deliveries and manufacturing
variability.
Built into the uniform lead time buffer are inventory inefficiencies. First of all, there are
some high value components that have good historical delivery performance and do not
need a 15 day buffer. In this case, MRP would hold unnecessary inventory. There are
other low value parts with poor historical delivery performance that need greater than a
15 day buffer to prevent stockouts. In this case, if MRP held just a little more inventory
at a very low cost, stockouts, and simultaneously the assembly cycle time variability,
would be reduced.
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Fundamental to understanding the new inventory replenishment strategy is the fact that
shortages of any part type (high or low value) have the same impact on shutting down the
production floor. In other words, a 15 cent fastener can hold up the shipment of a
$50,000 control just the same as a $3,000 precision machined valve. However, holding
excess inventory for high value parts has a far greater impact on overall inventory costs
than holding excess inventory for low value parts.
The intuition behind the new inventory replenishment strategy is to hold more low cost
parts to ensure much greater parts availability at a minimal impact to overall inventory
value. The strategy also calls for a stingy, yet closely monitored inventory replenishment
policy for high value parts. The new replenishment strategy is based upon a model that
minimizes the average inventory cost while achieving a desired service level. The
following assumptions, upon which the model is based, have been shown to hold true at
MES.
Assumptions:
1. Demand is a statistically normal process with known moments: mean, PD, and
standard deviation, aD- .It is assumed that the demand is a stationary, random
process and is independent in non-overlapping time increments.
2. Similarly, lead time is a statistically normal process with known moments: mean,
P/L, and standard deviation, aL*
There are three main considerations when determining and setting inventory levels:
1. The frequency that inventory levels are reviewed.
2. The amount of replenishment inventory to order at a given time.
3. The minimum inventory level at which inventory replenishment occurs (also
called the reorder point - ROP).
4.1 Inventory Review Frequency
The material replenishment system at Hamilton Sundstrand operates on a continual
review basis. The inventory amounts are tracked in an MRP system (JD Edwards) and
updated daily. Although the daily update might seem like a periodic review, the time
interval is short relative to the manufacturing order cycle time and takt time and therefore
feels like a continuous review policy to the production process. In most cases, orders are
then electronically transmitted to suppliers when minimum inventory limits are reached.
Although discrepancies between actual inventory amounts and those assumed by MRP
can potentially result in stocking or ordering errors, this feedback loop is more
thoroughly closed during periodic inventory audits called cycle counts.
4.2 Economic Order Quantity
Economic order quantity (EOQ) is a method for determining the amount of replenishment
inventory that should be ordered by minimizing the costs attributed to ordering and
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holding inventory. The EOQ for a given component is determined by the following
equation:
_ 2K,
h
where Q*, is the EOQ for component i, K is the order cost, A, is the annual demand for
product i, and h is the holding cost equal to the cost of product i multiplied by the
inventory holding rate. The derivation of EOQ is shown in Appendix B.
4.3 Reorder Point
The reorder point, R , is defined as the inventory level that will trigger a reorder event
such that the parts delivery will arrive before the on-hand inventory level reaches zero.
In other words, the reorder point should be established such that the lead-time demand is
covered with high probability. The reorder event is triggered when the inventory on-hand
and on-order drops to or below R . Figure 18 is a graphical representation of this
ordering policy. Appendix C details the behavior of this replenishment policy in more
detail.
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Figure 18. Graphical Representation of Q R Ordering Policy. 51
51 1.269 - Supply Chain Planning & Advanced Logistics and Supply Chain Strategies Lecture by Stephen
Graves, Abraham J. Siegel Professor of Management Science & Engineering Systems, February 2, 2004.
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The actual reorder point quantity is determined by summing the expected demand over
lead time (DOLT), pu with the safety stock level (SS), z~o-a2 + a2p2 , using the
following equation:
R = DOLT+ SS= IDL + L D
Substituting pu = ppL and o-= 2-PL + -f4 yields:
R = pu + zo-
The definition of variables is shown in Table 9. As previously mentioned, the safety
stock is used to accommodate the risks of demand rate changes as well as poor supplier
delivery performance. The safety factor, z, will be discussed in more detail in Section
4.5.
Table 9. Reorder Point Variables.
pD = mean demand per unit time
OD = standard deviation of demand per unit time
PL = mean lead time
aL = standard deviation of lead time
z = safety factor
4.4 Expected Inventory Level
The expected inventory level, E[I], is approximated as being the average between the
expected inventory level just before, E[I(L-)], and just after, E[I(L*)] a replenishment
event where:
E[I(L~E zo-
E[I(L ))= Q + zo-
yielding,
E[I]- E[I(-)]+ E[I(L*)] _ Q a
2 2
where - is termed the cycle stock, and za is once again the safety stock.
2
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4.5 Service Level
The safety factor, z, is a management decision variable used to achieve the desired
service level. Because of the inherent nature of the assembly operation, where the
absence of a single part number can potentially shut down the line, a Type II service level
was used to evaluate and determine z. z is set such that a desired fill rate is achieved.
The fill rate, F , is a measure of the percentage of time a technician is able to pull the
needed part directly from stock and is given by the following equation:
F =1 EBOQ
where EBO is the expected number of backorders per cycle, and Q is the order quantity
determined in Section 4.2. The expected backorders per cycle is calculated using the
following equation:
EBO ~ (x - R)f (xp, -2X
R
where f (xIp, C.2) equals the normal probability density function with mean, p, and
variance, a. 2 . The next steps will convert this to a workable equation. First, the
probability density function is normalized with a variable substitution and simplified as
shown below:
EBO ~- y - R4jf(y|0,1dY
Substituting z yields:
a-
EBO=- J(y-z)f (y)dy
Y=Z
where f (y) is the probability distribution function (pdf )for the standard Normal
Distribution. The integral portion of the equation is the unit normal linear loss integral,
UNLLI(z), and can be computed as follows:5 2
f(y - z)f (y)dy = UNLLI(z)= pdf (z)- z(i - cdf (z))
Y=Z
52 Chopra and Meindl, supra, note 22. A similar derivation is found in Appendix 8C, however there is an
error in the final equation. The correct form is Equation 8.8 on p187.
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where cdf (z) is the cumulative distribution function. The UNLLI(z) can be computed in
Excel using the following input:
UNLLI(z) = normdist(zOl,0) - z * (1 - normdist(z,0,1,1))
One final transformation is necessary to accommodate a rounding error. In most cases,
only whole parts can be ordered from suppliers. Safety stock is a whole number, whereas
safety factor can imply partial units. Substituting SS = R - p yields the following
equation:
EBO ~ -[normsdist(ss/C)] 
- ss[1 - normdist(ss/1,0,1,1)]
4.6 Distribution by Value
Distribution by value (DBV) is a method of visually sorting part numbers by contribution
to inventory value such that management effort and inventory policies can be most
efficiently and effectively assigned. The process for generating the DBV is described in
the steps below:
1. In a spreadsheet, list the first tier bill of materials for the product (or product line)
and the demand of each product over a given time period. In the case that a
product line is being evaluated and there are common parts, the demand may be
aggregated.
2. Collect the unit cost for each component and the quantity used per
assembly/product.
3. Calculate the cost-volume, CV , for each component item by multiplying the unit
cost by the annual demand and sort the resulting spreadsheet in descending cost-
volume order.
4. Determine the cumulative percentage of total annual cost-volume, CPCV , using
the following formula:
CV
CPCV, = CPCV, + M
ZCV
m=1
where CPCV is the cumulative percentage for component i, CPCVO = 0, CV, is
the cost-volume for component i, CV is the cost-volume for component m , and
M is the total number of components.
5. Determine the cumulative percentage of part numbers using the following
equation:
CPCi =
M
where CPC, is the cumulative percentage of components for component i and
M is the total number of components.
6. Plot CPCV against CPC and establish part classification boundaries. The author
has chosen to classify the components contributing the first 80% of inventory
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value (roughly 10% of the part numbers) as A parts, the components making up
the next 19% of inventory value (roughly 40% of the part numbers) as B parts,
and the components making up the remaining 1% of the inventory value (roughly
50% of the part numbers) as C parts.
Figure 19 is a distribution by value plot for one of the product flow lines. The C parts are
considered bin stock and can be handled with simple, conservative inventory policies.
There is no need to optimize these policies because they do not contribute significantly to
the inventory costs. Instead of cost, component size and space constraints are the main
limitations in C part inventory policies. Some of these standard inventory policies are
discussed in Section 4.14.
A and B parts must be treated seperately from C parts as they are the primary drivers for
inventory cost. In subsequent sections, an inventory optimization model is derived to
optimize the inventory policies for A and B parts based on the continuous review policy
previously discussed. Although A and B parts will be included in the same inventory
model, A parts contribute much more significantly to inventory costs and should be
monitored with a closer management eye.
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Figure 19. Distribution by SKU Value.
In order to better understand the influence of the availability of A, B, and C parts on
production process of a particular flow line, the critical supplier overdue list was
monitored for four weeks. A critical overdue part is one that is preventing a work order
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from being released on time and holding up production. Each time a part appeared on
this list, it was noted and then plotted in Figure 20. The pink square scatter plot indicates
which classification the critically overdue parts fall under and, looking at the right y-axis,
shows how many times over the four week period the parts appeared on the overdue list.
Given the fact that many of the lower value parts are not tracked on the critical overdue
list, one can imagine the true scattering might extend even farther to the right. The
bottom line is that stockouts and overdue situations are not limited to one part
classification, but instead span the entire spectrum. This indicates that there is significant
opportunity to reduce stockouts with an alternate inventory replenishment policy.
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Figure 20. DBV with Overdue Scatter.
4.7 Global Optimization
Up until this point, the reordering policy has been developed and discussed for an
individual part (single item) where the safety stock level is determined by the service
level desired for that part only. However, it is possible to optimize these individual
safety stock levels to achieve a desired overall service level (for all components in the
assembly) while minimizing inventory holding costs. The intuition here is very similar to
that generated in Section 4.6 where components with high cost volume have relatively
smaller safety stock levels than the components with low cost volume.
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4.7.1 Model Adjustments
The following equations incorporate the changes needed to accommodate an assembly
inventory optimization containing multiple components, i:
2KA
Q =,Vi h
= pp + Z,, + a2, Vi
EBOF =1- i Vi
Q0
EBOi 0 2pL a p ,i J(y- z)f (yy Vi
y=zi
R- Vi
2= , + 2 2
VaD i PL, ILDJ LJ
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4.7.2 Objective Function
The objective of the optimization is to minimize the total on-hand inventory, E, [I], as
shown in the following equation:
min(E[ID=[= CEL [I]
where, C, is the component unit cost for item i.
4.7.3 Decision Variables
The decision variables, D.V., are the set of z values for all components as shown below:
D.V.= zi Vi
Because of Excel Solver problem size limitations, a reduced set of decision variables was
used. Instead of having a unique z value for each component, components with similar
cost volume influence were grouped together. Components contributing the first 10% of
the cumulate percentage of total annual cost volume were assigned to the decision
variable z,, those contributing 10-30% were assigned z2 , those contributing 30-50%
were assigned z3 , those contributing 50-80% were assigned z4 , those contributing 80-
90% were assigned z5 , and finally those contributing 90-99% were assigned z6 . Recall
that the final 1% has been categorized as bin stock and is not included in the
optimization.
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4.7.4 Constraint Equations
The primary constraint equation establishes the component fill rate (Type II service level)
and can be interpreted as the percentage of time that all of the components are available
during a product build (assembly). In other words, if an assembly technician is building a
JFC, the component fill rate is the percentage of time that he or she builds an entire unit
without being short a part. The constraint equation shown below is an approximation:
PDJ i X
FG > F
where, FG is the global fill rate, N is the number of components in the flow line product
family, X is the number of products in the flow line product family, F is the individual
component fill rate, and FD is the desired global fill rate. In words, the equation
considers the average fill rate weighted by demand volume for all components and then
invokes a variant of the third law of probability. The third law states that if A and B are
independent, then:
P(A and B) = P(A)P(B)
The primary constraint equation assumes that individual fill rate probabilities can be
modeled using a weighted average, which can then be raised to the appropriate power to
determine the global fill rate. The ratio of N/X should be interpreted as the number of
parts that make up one full product assembly. For example, a flow line may have 300
different components, N, which will be assembled into 3 different products, X . If each
product has roughly the same number of components and there is minimal part
commonality, then the number of parts on a given product is equal to N/X = 100.
Appendix D shows a sample calculation that confirms the accuracy of this
approximation.
The exact solution, assuming independence, would be of the form:
L
F, =11F,
1=1
where F, is the individual fill rate for all components (up to L) on a given product, P.
F, would be calculated individually for each product on the flow line. In practice, this
equation is very difficult to implement for two reasons. First of all, the equation would
have to take into account each distinct component. If a component is used more than
once, it must be counted more than once in the fill rate. In addition, in a sorted list of
components for given flow line, it is very monotonous and manual to pick out each
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component that is used on each product. This is complicated by the fact that there are
some components that are used on multiple products.
In most cases, products are sufficiently unique (in components) so as to allow
independent models to be run for each product. However, on the trial flow line, there
was sufficient component commonality to warrant demand and service level aggregation.
The approximation equation assumes that products that are aggregated are similar in
value, part quantity, and cost volume distribution. It is also worth noting that in the case
that products with part commonality are assigned to separate flow lines, the inventory and
fill rates should be calculated separately due to the distinct location of point of use
inventory.
The following constraint equations are used to reasonably bound the problem. The first
requires the decision variables to fall within a logical range:
0 < z, 5 Vi
The second places a lower limit on the individual fill rate for each component:
Fi > FG -y
where, Y is a management decision factor. The author used a value of Y =10% .
Although this constraint is not really needed for the incoming material optimization, it
will become important when dealing with the finished goods supermarket optimization,
which utilizes a different primary constraint equation.
4.8 Data Manipulation
A couple of important data adjustments were made to appropriately model the system.
First of all, on many of the product bill of materials (BOMs) there were certain
components, like shims, that were not required for every assembly. A BOM might call
out a range of 10 different shims for an operation, but will only require one. Which one
is used will depend on the actual dimensions of each assembly. For inventory purposes,
this is accounted for by assigning a "percent usage" to such parts. For example, if there
are 10 possible shims for an operation each with the same usage likelihood, the percent
use would be 10%. The "percent usage" value for each part number on the BOM was
multiplied by the raw demand data to calculate an adjusted demand for use in the
inventory optimization model.
A second adjustment was made to account for non-conforming material (NCM). These
are the components delivered by the suppliers that are found to be defective. The process
for handling NCM is shown in Figure 21. Generally, components flow from an incoming
material supermarket to the assembly cell and are consumed in the production process.
However, there are a certain percentage of components, unique to each part number, that
are identified as defective and re-routed to the NCM crib where they will be analyzed by
a quality engineer. Of these NCM parts, roughly 5% are scrapped, 10% are deemed
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acceptable and are placed back in the incoming material supermarket within 1-2 days,
and the remaining 85% are shipped back to the supplier. The supplier will then repair or
replace the components and ship them back to MES. This process takes about a month,
which is significantly longer than the replenishment time period required of the suppliers.
This means that it is typically faster to replace an NCM component using the standard
ordering policy than to wait for the NCM process to complete. For this reason, the
inventory model assumes that the inventory ordering policy must accommodate a certain
percentage of components that are trapped in this NCM loop. The demand was therefore
adjusted using the following equation for each component i:
Raw Demand.
Adjusted Demand. = (awNDman)
01 - NCM % i )
.uple 5%6 Non- 5%
Fure2or Conforming ScrapAsa oep tMaterial
1 month
10%0 NCM%
1-2 days
s ncm ing Assembly 
h.
Figure 21. Non-conforming Material Flow Diagram and Probability Tree.
As a side note, the NCM % for each part number was also over plotted with DBV to
create Figure 22. This plot is useful in targeting the part numbers and suppliers whose
quality most significantly impacts MES inventory. For example, a quality action plan
might focus on the A parts with high NCM% instead of the B or C parts whose poor
supplier quality can be compensated less painfully by increased inventory levels.
71
Distribution by Component Value
10% 20% 30% 40% 50% 60% 70% 80%
Percentage of Total Number of Components
Figure 22. DBV with NCM Scatter.
4.9 Model Setup
The inventory model was set up as a non-linear program in Excel and solved using the
Premium Solver's standard evolutionary algorithm. A subset of model rows are shown in
Table 10 for explanatory purposes. Columns A through C identify the component and its
relative position on the DBV curve. Columns D through H are the model inputs
including the unit cost, lead time, lead time standard deviation, demand, and demand
variance. Column I is the EOQ as calculated in Section 4.2. 30% was used as the
holding cost which is the estimated as the opportunity cost of capital being tied up in
inventory. The order cost was estimated at $8.
Table 10. Inventory Model Setup.
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Column K holds the z values, which are the decision variables of the optimization.
Columns L through S of the model are calculated as follows:
DOLT =L2= E2*G2
Stdev = M2 = sqrt(E2 * H2 + (F2A2XG2A2))
SS = N2 =K2*M
R = 02 = round(L2+ N2)
I12E[I] = P2 =-+(02 - L2)
2
$E[I]=Q2=D2*P2
EBO = R2 = -N2 * ( - normsdist(N2/M 2)) + M 2* normdist(N2/M 2,0,1,0)
Fill Rate = S2 =1-R
12
The objective function is:
Objtive Function = min(sumproduct(P2 : P389, D2: D389))
The constraint equations for each component i are:
Global Fill Rate = (sumproduct(S2: S389, G2: G389)/sum(G2: G389)) (388/3)
0..1 <6 z, 6
Fill Rate. > Global Fill Rate -0.1
4.10 Future State Solution
Because of the inherent trade-off between inventory amount (buffer size) and parts
availability (fill rate), the optimal solution output by the inventory model is a line. The
optimal solution is shown in Figure 23 and is labeled the "efficient frontier." The entire
feasible solution space lies above and to the left of the line. Points in the feasible solution
space that do not lie on the efficient frontier are suboptimal solutions. In other words, for
a given fill rate there is a more efficient solution that would result in lower inventory.
Alternatively, for a given inventory value, there is a more efficient solution that would
result in a higher fill rate. Points below and to the right of the efficient frontier are
infeasible given the current system variability.
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Figure 23. Efficient Frontier Between Inventory and Parts Availability.
The red dot in Figure 23 represents the inventory and fill rate values for the current state
inventory replenishment system. It is a suboptimal solution. The inventory value can be
reduced by 30% while maintaining the current state fill rate. Alternatively, the fill rate
can be improved by 40% while maintaining the current state inventory value. Ultimately,
it is up to management to decide where to strategically position their business along the
efficient frontier. The MES operations team chose to conduct the analysis assuming a
fixed inventory value while maximizing the fill rate. This is important in order to reduce
the part shortages and to help enable the mixed model flow line implementations.
Table 11 compares the current state suboptimal inventory policy with the future state
proposal for one of the mixed model flow lines. Although the overall inventory value is
the same between policies, the distribution of A, B, and C parts is quite different. The
future state policy holds less A parts and more B and C parts. As a result of this
inventory redistribution, the fill rate was improved from 50% to 90%.
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Table 11. Inventory Optimization Results for One Flow Line.
Current State Inventory Future State Proposal
- Incoming material (on hand) * Incoming material (on hand)
- A parts = $343,000 - A parts = $291,000
- B parts = $87,000 - B parts = $125,500
- Plus bin stock -$2,000? - C parts = $14,000
- Total = $430,000 + bin stock - Total = $430,000
- Fill Rate <50% 
- Fill Rate -90%
- Build short more than A time - Build short 10% of time!!!
Figure 24 shows how the inventory optimization has redistributed the inventory as
compared to the original DBV analysis. The slope of the optimized curve is shallower
initially indicating that higher value components make up less of the inventory value.
The first 10% of the part numbers now only make up 60% of the inventory value.
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Figure 24. Optimized Distribution by Value Comparison.
4.11 Sensitivity Analysis
Figure 25 is a plot of the sensitivity of the expected inventory value, $E[I], to various
normalized variables including -2, p, o, and a composite variance term. The
composite variance represents simultaneous, equal reductions in each of the following
input variables: o-, piL, and o2. In addition, the figure plots a theoretical relationship
between the composite U2 (which was derived in Section 4.3) and $E[I].
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Figure 25. $E[I] Sensitivity to Normalized Model Variables.
The theoretical relationship is given by the following equation which states that a change
in .2 by a factor k will yield a 45 change in required safety stock:
$E [I]oc 4k(a)
This theoretical relationship is derived from the following equations in Section 4.3 and
Section 4.4. For MES, the expected inventory value is dominated by the safety stock
term (impact of Q/2 term is minimal), especially for the high value components.
SS = zo-= Z D P
E [I|= 1 + z,-2
The values plotted in Figure 25 are calculated in Table 12. The consistency between the
theoretical relationship and the composite calculations validates the model.
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Table 12. Theoretical Relationship Between 0- and $E[I1.
k sgrt(k)
125% 112%
100% 100%
90% 95%
75% 87%
50% 71%
25% 50%
10% 32%
1% 10%
Given the current state of the input data and interaction of terms, the overall $E[I] has
different sensitivities to the input variables 0-2, PL, and oD2 . In other words, the input
variables contribute differently to the overall variability in the production system. Based
on the model output, and as shown in Figure 25, a reduction in lead time variance will
have the greatest impact on the expected inventory value of this system.
4.12 Implementation
The output of the inventory optimization model is a component replenishment strategy
that will guide MES in redistributing their incoming inventory value in order to achieve
much higher parts availability on the shop floor. The goal is to help the operation tend
toward the efficient frontier and to promote the inventory dynamics shown in Figure 26.
The new replenishment strategy dictates a unique reorder point and quantity for each
component item in a flow line based upon the demand, cost, and historical replenishment
variability.
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Figure 26. Future State Transition Inventory Dynamics.
There are several challenges with implementation in general and at Hamilton Sundstrand
specifically. First of all, Hamilton Sundstrand's IT system does not support this type of
ordering policy. Although Hamilton Sundstrand uses many different ordering policies,
none of them can be tricked into operating in a continuous review fashion without
creating a substantial amount of additional manual work. In an effort to simplify its
operations, Hamilton Sundstrand is pushing to reduce the number of ordering policies
available for use. This fact makes it extremely difficult to sell an additional policy to
management.
Another challenge in selling a new ordering policy to management is the fact that other
divisions, particularly at the Windsor Locks site, have less to gain from this new
replenishment strategy. Jet fuel controls are arguably the most complex product
manufactured on site and therefore the pains of supplied component stockouts are felt
more significantly. As complexity and part count increase, the probability of stocking
out in an assembly cell increases substantially.
Figure 27 demonstrates this phenomenon. Each line represents an assembly consisting of
components with equal individual likelihoods of stocking out. For the blue curve, each
component in the assembly has a 10% chance of stocking out. The blue line represents
the cumulative probability of stocking out on at least one component while trying to
complete an assembly for different numbers of overall components. The equation for
each line is given by:
Cum. Stockout Pr obability =S1 -( - Idiv. Stockout Pr oabilityD)y" of "
78
Assembly Cell Stockout Probability as a Function of Components
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Figure 27. Assembly Cell Stockout Probability.
Another challenge in implementation is that inventory value redistribution happens
gradually. It takes time to burn down the inventory on components that are held in
excess. This adjustment occurs at a rate based upon the customer demand. Additionally,
it takes time to build up the inventory level on components where not enough is currently
held. This requires a one time adjustment in order quantity which the supplier may or
may not have the capacity to accommodate. Typically, the build up happens at the true
supplier lead time (not the replenishment time frame dictated by Hamilton Sundstrand).
For some parts at Hamilton Sundstrand, the true supplier lead time is on the order of
hundreds of days. Generally speaking, the build up happens at a far slower rate than burn
down. If the transition period for current to future state is not managed properly, the
assembly cell could experience an increased number of stockouts. In addition to the
implications on work flow, mismanagement could also lead to morale and confidence
depreciation and result in increased resistance to future change.
A final challenge specific to Hamilton Sundstrand is the inability to obtain quality lead
time standard deviation data. Part of the challenge is that extracting the appropriate data
from the Hamilton Sundstrand database is a very manual and cumbersome process. Even
more critical is the fact that many of the MES components (especially the higher value
components) are supplied internally and lead time data tends to be inaccurate and
inextricable. One recommendation that will be discussed is to initiate the tracking and
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monitoring of all internal and external lead time data in a more automated fashion. This
has implications on managing inventory as well as driving desirable supplier behavior.
4.13 Metrics to Drive Improvements
Although a full analysis of supply chain strategy is beyond the scope of this thesis, it is
important to acknowledge the changing industry dynamics before developing a localized
supplier improvement plan. In general, UTC is attempting to consolidate its supply base
in order to establish closer relationships with fewer suppliers so that the supply chain can
be managed more efficiently. The trend is towards more collaborative supplier
relationships as opposed to the traditional mentality of beating up on suppliers for cost
and delivery, holding them to unreasonable improvement plans, and ultimately forcing
them to absorb more of the supply chain uncertainty.
This change in philosophy requires a fundamental shift in management style and in the
skill set needed to accomplish this transition. Instead of the traditional adversarial
relationship, UTC will need to collaborate with suppliers (as well as with their customers)
to jointly develop an overall supply chain strategy that optimizes value creation while
simultaneously distributing value capture. This must be done in a manner that focuses on
the financial success of all parties involved and provides an incentive for maintaining the
established relationships. In short, UTC must share its lean vision with its suppliers.
UTC must also share the burden of achieving operational excellence in addition to the
savings gained from any improvements in efficiency.
Keeping this overall shift in supplier management philosophy in mind, there are several
management levers available to help shape supplier behavior. As discussed in Section
4.11, these include lead time variance reduction, lead time reduction, and demand
variance reduction. Once again, a decrease in overall system variability by a factor k ,
results in a reduction in required safety stock inventory by a factor of 4k.
Demand variance reduction can be achieved through level loading the factory and
improving forecasting and communication with customers. Supplier lead time reduction
can be achieved through operations improvements on behalf of the suppliers to improve
their manufacturing flexibility and order reaction time. UTC may choose to participate in
and help fund joint kaizen activities at some of the key suppliers. As shown in the
sensitivity analysis in Figure 25, for the production system at MES, inventory is most
sensitive to supplier lead time variance reduction. Achieving such reductions will be
discussed in more detail in this section.
Currently, Hamilton Sundstrand measures suppliers on two metrics: (1) quantity of
overdue units and (2) on-time delivery percentage. The overdue metric is generally used
by the procurement organization to drive part expediting. It is also tracked over time to
compare a supplier's performance to its historical average. The metric is not as useful in
comparing one supplier with another because suppliers are responsible for different
amounts and types of components. Having 10 parts overdue is very different for a
supplier that is responsible for 20 simple, low demand parts than for a supplier
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responsible for 1,000 complex, high demand parts. As a result, the management
perception is that the quantity overdue metric is less important than the on-time delivery
percentage.
On-time delivery is really a binary metric that considers whether a part arrived on-time or
late. Furthermore, the metric is set up such that a part is not considered late until it has
been delivered. In other words, if a part is on the overdue list, then it does not penalize
the supplier in the on-time delivery metric. This leaves room for metric manipulation.
Additionally, the metric does not establish a penalty for how late the part was delivered.
This means that a part that is delivered one day late penalizes the supplier the same as a
part that is delivered 50 days late. From the supplier's perspective, if they have the
opportunity to ship a part that is almost late or a part that is already 50 days late, the on-
time delivery metric encourages them to ship the part that will still be considered on-
time. However, from Hamilton Sundstrand's perspective, a part that is 50 days late is far
more detrimental to production than a part that might be one day late. Obviously, there is
a mismatch between the metric driven supplier behavior and the desired supplier
behavior.
In order to better align the metrics, the Operations Transformation team has proposed that
Hamilton Sundstrand track supplier lead time standard deviation in addition to the
percentage on-time. Lead time standard deviation is a measure of the variability of actual
supplier delivery dates as compared with the promised delivery date. The purpose of this
metric is to penalize suppliers more for relatively later (as well as for relatively earlier)
deliveries and encourage suppliers to deliver just in time.
Figure 28 plots the current state delivery histogram for a representative sample of parts
and suppliers at MES. On-time delivery is determined by subtracting the actual delivery
date from the requested or needed date. A negative number indicates that the part arrived
early while a positive number indicates the part arrived late. This plot includes all part
types including bin stock items. According to this data, the on-time delivery percentage
of suppliers on the whole is 73%. The mean delivery data is two days early with a
standard deviation of twelve days. Because of the additional buffering of bin stock, not
all components that are classified as late cause a stockout or disruption in production
flow. The implied impact of the standard deviation is therefore slightly exaggerated.
However, the data points at the on-time/late delivery boundary tell a very interesting
story. The peak just prior to the boundary suggests that suppliers are expediting. Then,
there is a significant drop-off in frequency directly after the boundary. This is consistent
with the hypothesis that once a part is late, the suppliers stop expediting it. There is no
incentive for suppliers to deliver parts one day late. If a supplier is in a pattern of
delivering late, it generally means that they are busy and capacity constrained. If they are
in a rush to ship product, they are going to choose to ship units that still have a chance at
being measured on-time.
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The variability in supplier delivery is one of the fundamental reasons that Hamilton
Sundstrand must hold incoming material inventory and buffer its production schedule.
By tracking the supplier lead time standard deviation and holding suppliers accountable
for reductions in the metric, Hamilton Sundstrand will drive much more efficient supplier
behavior causing drastic reductions in part shortages and safety inventory. Essentially,
the metric will help encourage and enable lean, just-in-time production.
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Figure 28. Supplied Parts On-Time Delivery Histogram.
4.14 Bin Stock Policies
Up until this point, the inventory optimization models and discussion have been centered
on high value components (A and B categorization). This section will address the
replenishment strategy for low value bin stock components (C categorization). Because
C parts account for 50% of the part numbers and contribute only 1% of the total
inventory value, it is far more important to ensure their availability for assembly than it is
to minimize inventory levels. In addition, it is important for bin stock replenishment
policies to require very little management attention and be robust enough such that they
breakdown very infrequently.
Hamilton Sundstrand has several different bin stock replenishment systems. Figure 29
shows the material flow for a kanban replenishment system that is used for most bin
stock components at MES. The squiggly lines below each process step are graphical
representations of the ordering variability associated with the bullwhip effect. The bigger
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the squiggle, the more pronounced the effect. The technicians at the assembly stations
have relatively small quantities of point of use bin stock located at the work benches.
While building units, they pull components from the point of use trays. When the trays
are empty, they walk over to the parts crib to refill them. The bin stock in the parts crib is
a two bin system that provides bin stock to the entire assembly floor. Each bin is sized to
accommodate about one month's worth of demand so a technician will only pull a small
portion of a bin to replenish the point of use trays. When one of the bins in the parts crib
is empty, a kanban card is wanded. This triggers a one bin size pull from finished stores.
Finish stores provides bin stock to the entire Windsor Locks campus.
Supphier Finished Parts Crib Point of Use AssemblyStores
Figure 29. Kanban Replenishment Material Flow.
Finished stores is replenished by an MRP system that plans to have the next order arrive
just when the inventory is expected to be depleted. Figure 30 shows the replenishment
cycle for a typical bin stock component. There are two lines plotted in the figure. The
first is the quantity on hand (QOH), which represents the number of components that are
available to the assembly technicians for immediate use. The second is the quantity on
hand plus what is currently on order (QOH + PO). PO is the quantity that has been
ordered, but not yet arrived.
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Figure 30. Finished Stores Replenishment Cycle.
It is important to note that the quantity on hand in the finished stores is frequently
depleted. This is not a great cause for alarm because there is still inventory at other
locations in the material flow. However, if the suppliers deliver late enough, there is a
chance that the entire inventory stream will dry up and a stockout will occur. Because
bin stock is not monitored by procurement, the stockout might not be noticed until it
shuts down a flow line and holds up the delivery of a jet fuel control.
Although at first glance it seems this stockout probability would be fairly low, stockouts
with bin stock components were found to occur quite frequently. After further analysis it
was discovered that in many cases a supplier was responsible for delivering A, B, and C
parts. When they fell behind schedule, procurement would harass them to expedite the A
and B parts that were on their overdue lists. C parts did not appear on the radar screen
because they were not monitored by anyone. At the request of Hamilton Sundstrand, the
supplier would expedite the A and B parts and leave the C parts unfinished on the shelf.
Eventually, the C parts would become critical without any one ever knowing until the
technician was short the part.
What was needed to make the bin stock replenishment process robust was a feedback
loop that let management know when a bin stock item became part of the critical path to
shipping a product. This was done by setting up a semi-automatic report within the MRP
system. When run, the report would generate a list of all bin stock parts where the
inventory in finished stores was completely depleted. This would raise a yellow flag
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indicating that the part was on the verge of becoming critical. The report would also
generate an additional list identifying all the yellow flag components for which there was
only one bin left in the parts crib. This would raise a red flag signaling that there was
only one bin remaining (at the most one month's worth of inventory). This red flag could
then be communicated to procurement so that the bin stock part would be expedited. In
summary, this policy creates a feedback loop for critical bin stock components in a
manner that is manageable by procurement.
4.15 Supplier Kitting
An alternative to self managing component inventory is to purchase the components pre-
kitted by a supplier. Under this replenishment policy, the supplier would deliver a
complete set of components to be used for an assembly operation. The technician would
simply pull a kit, release a kanban signal to the supplier to replenish, and go on building
his or her unit. This would drastically simplify the replenishment policy and component
touch time as seen by Hamilton Sundstrand.
The decision between having individual parts delivered from multiple suppliers or entire
kits delivered from one supplier really boils down to how well the assembly house
believes that they can manage inventory. If the supplier delivering the entire kit can
manage the inventory required to deliver those kits better (more efficiently) than the
division assembling those kits, then it makes business sense to outsource the kitting
operation. Managing the inventory "more efficiently" really consists of two components:
cost and service level. Ideally, the assembly house would want to see improvements in
both. If the supplier can kit cheaper, but their delivery performance is poor, then the
shipment of final product will be held up. Another aspect of the decision is whether the
kitting supplier would have as much leverage over the individual component suppliers as
the assembly house did both from the perspective of an economies of scale well as the
ability to monitor and expedite.
The inventory model discussed in this section is still applicable and beneficial from a
value stream perspective. If the kitting operation was outsourced, the benefit would
simply be shifted to the kitting supplier. This supplier would want to hold incoming
material according to the inventory model to help ensure an efficient operation.
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Chapter 5. Pull Production With Finished Goods
Supermarket
As discussed in Section 3.7, it was determined that a finished goods supermarket would
be the scheduling point of the production line. A customer order would be filled from the
supermarket inventory and would in turn send a kanban signal to release another work
order to assembly. The purpose of this buffer is to absorb and protect the customer from
the uncertainty inherent in the assembly and test production process. These uncertainties
include cycle time variation, test failures and rework, part shortages, and other capacity
and throughput limiting factors.
As with the incoming material inventory optimization, there is a tradeoff between how
much inventory is held and the customer service level that is achieved. In addition, there
is an optimal supermarket size for each product that will enable MES to achieve the on-
time-delivery goal with a minimum amount of capital tied up in finished goods inventory.
This section will outline the methodology of achieving that optimum.
5.1 Model Development
Considering the processes upstream of the supermarket as an "internal supplier," the
problem of identifying the optimal finished goods buffer sizes exactly parallels the
supplied parts inventory optimization discussed in Chapter 4 and a very similar model
can be used. The lead time mean and variance for the model is determined by the
manufacturing order cycle. The order quantity, Q, is assumed to be one for all models.
This allows for single piece flow. The reorder point, R, which is the sum of the finished
goods inventory and the work-in-progress inventory, determines the total number
production kanban cards for each product used in the system. R acts as the base stock
for the system.
One difference between model formulations is the primary constraint equation. The
overall service level constraint equation for the finished goods inventory optimization is
the average of the individual product service levels weighted by demand. The equation is
shown below:
PD,F
FG > FT
Another difference is that the inventory that appears on Hamilton Sundstrand's books is
not just the expected supermarket inventory. Instead, it is the sum of the finished goods
inventory and the work in progress inventory. The inventory is calculated as follows:
$I = ZRC, Vi
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Because there are only about 30 product models in the inventory optimization, it is
possible to incorporate all of the decision variables, zi, in the model.
The secondary constraint equation, shown below, which places a lower limit on the
individual product fill rates, becomes very important in the finished goods inventory
optimization. Although the overall goal of the organization might be to have a 90% fill
rate, this cannot be achieved at the expense of one product number or one customer. For
example, a customer does not want to hear that in order to achieve 90% service level
overall, Hamilton Sundstrand would be delivering their product only 50% on time while
delivering the competitor's product 99% on time.
F > F -Y
Like the component inventory model, the finished goods model optimizes the inventory
value by taking advantage of the fact that different products have different inventory
costs. Figure 31 plots the distribution by value curve for the products held in the finished
goods supermarket. Because there is a smaller difference between the highest and lowest
value products, the curve is much shallower than the component DBV curve shown in
Figure 19.
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Figure 31. Finished Goods Inventory DBV.
87
0%
0%
5.2 Data Manipulation
As previously mentioned, the lead time data used in the model was taken from the
manufacturing order cycle time data for each product. The purpose of the data is to
estimate the length of time it takes to respond to a customer demand. Manufacturing
order cycle time is defined as the time from when the work order is released to the shop
floor until the time the unit is completed and the work order closed. The manufacturing
order cycle time includes the variability associated with processing time, part shortages,
rework, and queueing. However, due to the length of time and variation associated with
the rework loop, when a unit fails test, it is often faster to build another unit from scratch
than to repair the failed unit. For this reason, work order complete dates do not appear in
the same order as work order starts and customer demand is not always filled by the
intended unit. As a result, the raw manufacturing order cycle time data is not a true
representation of the demand response time.
In order to adjust for this phenomenon, the work order start and complete dates were
gathered for each product and sorted in chronological order. The difference between
these sorted dates was then the true lead time to respond to a customer's demand.
Although the lead time mean is identical in both cases, the sorting significantly reduces
the lead time standard deviation for the model.
5.3 Future State Solution
Again, because of the inherent trade-off between inventory and service level, the output
of the finished goods inventory optimization is in the form of a line called the efficient
frontier. The efficient frontier for the current state manufacturing system is shown in
Figure 32.
The data for this model was taken prior to implementing the new component inventory
replenishment policy. Because the incoming material and finished goods inventory
models are separate, it is important to adjust the finished goods inventory model based on
the expected improvements resulting from the incoming material replenishment policy.
Otherwise, the finished goods inventory model will double count the system variability
associated with the suppliers and over estimate the needed finished goods inventory level.
Likewise, the data was taken prior to implementing mixed model flow lines. Mixed
model flow lines are also intended to reduce the system variability and the finished goods
inventory model should be adjusted accordingly.
For these reasons, the proposed future state efficient frontier assumes that Operations
Transformation will reduce the lead time mean by 25% and reduce the lead time standard
deviation by 50%. The resulting optimization yields the proposed future state efficient
frontier curve shown in Figure 32.
Finally, Figure 32 also plots the perfect state efficient frontier. The perfect state lead
time data was estimated in a separate way. Instead of basing the lead time on the actual
manufacturing order cycle time, it was based on the actual cycle times at each process
step. In other words, the perfect state assumes that there are no delays resulting from
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queueing or part shortages. This is the goal that MES should continually strive for. The
perfect state lead time standard deviation was calculated by dividing the perfect state lead
time mean by three. In other words, the perfect state assumes a constant coefficient of
variation of 0.33 across all product lines.53 The coefficient of variation is defined as
follows:
Coefficient of Variation = stdev =-
mean p
Finished Goods Inventory - Service Level Tradeoff
0% 10% 20% 30% 40% 50% 60%
Service Level [%]
70% 80% 90% 100%
Figure 32. Finished Goods Efficient Frontier.
5.4 Sensitivity Analysis
Figure 33 (which is very similar to Figure 25) is a plot of the sensitivity of normalized
inventory value to various normalized input variables including L-, PL, O, and a
composite variance term. In addition, the figure plots a theoretical relationship between
the composite .2 (derived in Section 4.3) and $E[I] given by $E[I]oc 4 . The
theoretical relationship was discussed in more detail in Section 4.11. The results show
5 An even more aggressive future state was calculated that excluded the processing time resulting from
rework and assumed a lead time variance of zero. This solution was not plotted because it was deemed
unrealistic.
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that each of the input variables have significant influence on improving the efficient
frontier between inventory value and service level.
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Figure 33. Normalized Variable Sensitivity Analysis.
5.5 Metrics to Drive Improvements
As shown in Section 5.4, improvements in each of the three input variables a2, and
-2 contribute significantly to improvements in the efficient frontier. This section will
discuss a series of metrics that will utilize these management levers to positively
influence the behavior of the production system..
The first management lever is demand variability, o-,, which is a measure of how level
loaded the demand is over a given time period. This metric should be tracked over time
for all products with the goal of lowering the demand variability. This can be done by
leveling the load on the shop floor or pushing back on and negotiating with customers to
provide a more uniform demand profile.
The manufacturing lead time, PL, and lead time variance, -2 , are functions of many
different sources of variability. Although it is important to continue to track the
manufacturing order cycle time mean and standard deviation at a macro level, it is also
very important to track on a micro level the metrics that drive this variability.
Specifically, these micro-metrics include:
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" Processing time variation
" Test yield variation
" Part shortage variation
Processing time variation (mean, variance, and coefficient of variation) should be tracked
for each product at each step of the process. After reviewing the initial data, it became
apparent that there are several different causes for processing time variation. Sometimes,
the variability can be associated with a poor process. In this case, the data can be used to
identify bottlenecks and to drive continuous improvement efforts. Other times, the
variability is the result of a training exercise or a poor performing technician. Here, the
data can be used to compare technicians to identify and transfer best practices. If
necessary, the data can be used to drive disciplinary actions.
Manufacturing variability is largely the result of poor test yields. Each time a unit fails
test it must re-enter the assembly process which contributes substantially to the lead time
variation. In fact, test failures create a dual mode lead time probability profile. One
hump represents the units that pass on the first try. The second represents the units that
fail the first time. Often times, the re-work process can be just as long, if not longer, than
the original build time. Test yield improvements have a huge impact on the reduction of
manufacturing variability. Although beyond the scope of this thesis, test yield
improvement initiatives should continue to be carefully examined.
The third micro-metric is part shortage variability. When a technician is short a part, it
causes delays in manufacturing time. Although the incoming material replenishment
policy proposed in Chapter 4 will greatly improve this metric, it should nonetheless be
carefully monitored. Part shortages, especially with low value components, are
inexcusable when they result in the missed shipment of a highly valued assembly and
severely impact customer satisfaction.
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Chapter 6. Results and Recommendations
This thesis has been a discussion of the tools used in the lean redesign of a highly
constrained aerospace production system at Hamilton Sundstrand. Although the case is
relatively specific in nature, the lean principles and analysis tools are applicable to other
manufacturing environments facing similar challenges.
This thesis began with an introduction to Hamilton Sundstrand and the Mechanical
Engine Systems Division, discussing the manufacturing setting and the Operations
Transformation initiatives championed by executive leadership. Chapter 2 discussed the
major challenges faced by MES in its current production process including:
* High-mix, low-volume
" Slow product life cycle
" Resource allocation
" Scheduling
" Part shortages
" Poor test yields
" Organizational resistance
Chapter 3 detailed the manufacturing system analysis and redesign utilizing value stream
mapping and other lean design concepts. This chapter also included a rigorous analysis
of process cycle times and variability and developed a series of models to assist with
capacity planning, resource allocation, and cross-training. Chapter 4 developed an
incoming material strategy based on a continuous review replenishment optimization
model. The model considered system variability to determine the efficient frontier
between inventory and service level. In addition, the chapter included a sensitivity
analysis that identified high impact management levers and metrics that will help drive
improvements. Finally, Chapter 5 developed a finished goods supermarket replenishment
strategy based on a similar inventory optimization model to that proposed in Chapter 4.
There are five recurring themes that summarize the methodology of this thesis. These
themes include the importance of designing around lean principles, performing detailed
analyses to quantify constraints, establishing metrics to drive behavior, instilling
leadership to pull organizational change, and maintaining a systems level perspective.
6.1 Lean Principles
The first theme points towards a subtle distinction between the application of
fundamental lean principles and selecting from a predefined lean toolbox. An example of
a lean principle is single piece flow. Single piece flow is a relatively abstract concept
that implies paced production, one part at a time, on a first-in first-out basis.
Over the years, there have been several different methods for implementing a single piece
flow system. Some manufacturing cells utilize manual carts that transfer the unit from
station to station. Others have developed moving lines where the product is in continual
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motion. Examples of this are found in both commodity industries as well as in highly
specialized industries. The implementation options are what the author calls the
predefined lean toolbox.
When designing a lean manufacturing system, it is always useful to do some
benchmarking to see what others have done in order to generate ideas and options. It is
always easier to copy than it is to innovate or re-invent the wheel. This is especially true
when the intellectual knowledge lies within the company and the learning curve has
already been traversed.
However, when utilizing the lean toolbox from another manufacturing cell, it is
absolutely imperative that the design team understand the fundamental lean principles.
Without this core understanding, these blindly applied tools may not achieve the desired
or expected results. That being said, it is important not to let the "we're different so it
won't work here" attitude prevail. If the selection from the lean toolbox is not sufficient,
the lean implementation team must revisit the lean principles, understand how these
principles contributed to the success of other manufacturing cells, and adapt the
implementation to meet their specific production system requirements. This becomes
increasingly important in a highly constrained manufacturing environment where
traditional high-volume lean implementation examples are oversimplified and
inappropriate. The goal clearly is to improve the production system, not to make it look
lean.
6.2 Analysis to Quantify Constraints
In the course of designing the lean production system and writing this thesis, a significant
amount of data analysis was completed. For the most part, Hamilton Sundstrand is
proficient in capturing daily production information in a huge database. Over the course
of the internship, the primary challenges with regard to data were figuring out what data
to extract, how to extract it, and then what to do with it.
The analyses performed were crucial in helping to better understand the current
production system and to confirm or reject many of the longstanding assumptions held by
management. This allowed the team to break down the perceived constraints and to
focus and prioritize efforts on the real challenges at hand. In addition, the analyses
helped to quantify the true constraints on the production system in order to develop a plan
to overcome these limitations and design a more optimal system.
Analysis is also useful in demonstrating the interactions between functionally silo-ed
divisions. Not only does analysis help in developing action plans, but it also helps in
selling these plans throughout the organization and in sustaining accountability.
6.3 Metrics Drive Behavior
Without metrics, analysis is just words and numbers. Metrics are what convert plans into
action. They influence the behavior of all stakeholders and are the primary management
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lever for driving process improvements. Table 13 summarizes the leading metrics that
were described in this thesis which can be used to influence change in the organization on
the path to more efficient operations.
Table 13. Leading Metrics Summary for Operations Transformation.
Focus Area Metric Note Thesis
Section
This information should be tracked at
Mean least for the bottleneck processes (test
and assembly) for each product. The
Manufacturing Standard primary goals are to: Chapter 3Process Cycle Deviation o Balance the flow lines Section 3.6Time o Manage the work to meet takt
Coefficient of time
Variation o Reduce the process variability
o Reduce the processing time
Cumulative % Actual data should be tracked againstResource of Work the output of the capacity planning Chapter 3
Capacity opWork tool to ensure progress towards the Section 3.8
Complete gol_______goal.
A measure of manufacturing
% of Perfect flexibility which is degrading over Chapter 3
Cross Training Cross- time due to an aging union workforce. Section 3.9Training A critical parameter for the future
success of the organization.
These metrics should be used to track
Meann supplier performance and are keys to
Materi On- establishing reliable just-in-time Chapter 4Timatei ry OStandard delivery. The information can also be Section 4.13
Deviation used to strategically buffer the system
to accommodate variability.
Manufacturing These metrics are the key towards
Finished Order Cycle improving customer responsiveness
Goods Time and inventory reduction. Internal Chapter 5
Supermarket Part Shortages continuous improvement efforts Section 5.5STpermarket should be focused around these threeTest Yield mecs
metrics.
6.4 Leadership and Organizational Change
Even after the analysis has been performed, the system designed, and the equipment
moved, Operations Transformation is not a guaranteed success. Designing new processes
is easy, but changing people is hard. One of the biggest challenges in implementing a
lean production system is to garner the leadership needed to instill a lean culture and to
drive organizational change.
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Although methods for successful lean implementation vary greatly from one environment
to another, there were several lessons learned over the course of this internship that are
believed to be highly transferable. The first is the importance of a clearly communicated
vision. A vision is not helpful if it is contained only within the senior leaders. It must be
filtered all the way down to the factory floor where the real implementation is occurring.
If people do not understand the vision, it becomes very convenient to resist change.
Vision communication is essential in creating a "pull" for change as opposed to simply
"pushing down" a corporate edict.
It is important to understand the stakeholders in the organization. Who stands to gain
from the change and who stands to lose? It is also very important to identify pivot points
within the organization. Pivot points are those individuals who are very influential and
can swing the opinions of others. If leaders can persuade these pivot points, much of the
selling throughout the organization will happen automatically.
Figure 34 is a proposal for a future state stakeholder map which can be contrasted with
that in Figure 5. The recommendation is that the operations strategy group and the
Operations Transformation teams form a very tight relationship. The purpose of this
heightened collaboration is to leverage the executive visibility and change authority of
the operations strategy team while simultaneously leveraging the hands on, tactical
change management capabilities of the Operations Transformation team. The operations
strategy group must dedicate time and resources to working directly with the Operations
Transformation team, especially on the shop floor. This will create a vested interest with
the operations strategy group as well as reinforce their credibility in the factory.
Additionally, it is important to foster the relationship between the Operations
Transformation team and other functional groups in the organization in order to enable
systems level change. This direct link may require a shift in incentives or even in
reporting structure, but is crucial to establishing cross-functional collaboration.
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Figure 34. Proposed Stakeholder Map.
The Operations Transformation team responsible for leading the change effort must be
given a great deal of authority, support, and cross-functional access in order to succeed.
Operations Transformation must be viewed as a system wide improvement strategy that
requires a great deal of coordination between functional divisions. Without proper
support, the operation transformation team will be unable to cross these functional
boundaries and will be limited in their ability to affect paradigmatic change.
Positive reinforcement is another lever that management can utilize to affect change. In
most cases and especially with lean implementation, change can feel like things are being
taken away. If management can counterbalance this effect by giving something back and
making it desirable to work in a lean environment, then change will happen much faster.
It is also important to establish appropriate metrics to drive behavior, demonstrate
benefits, and establish credibility. Persistence in highlighting small wins to instill
confidence in leadership can lead to a reinforcing cycle that will facilitate change. In
addition, metrics can be used to establish accountability, which can result in technicians
claiming ownership of their responsibilities. Designing metrics such that they are team
oriented can have an even greater impact due to peer motivation.
Finally, it is important to establish the support system necessary to promote continual
improvement. For the technicians to accept the new system, they must be excited to
work within its framework. They view success on a microscopic level, which highlights
the importance of constant communication and attention to detail.
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6.5 Systems Perspective
The intent of this thesis was to capture a significant portion of the management challenge
in designing and implementing a lean production system. As can be seen in the diversity
of the subject matter in the chapters of this thesis, lean implementation cuts across many
functional boundaries and requires the coordination of many departments to be
successful. An overarching, value stream level management perspective is vital to the
design and success of any lean transformation, especially before appropriate metrics are
put in place. Without this systems level view, departments and individuals will continue
to operate autonomously within their current framework and settle into a local optimum
in line with past performance.
For example, a manufacturing system cannot be effectively designed without considering
the inventory replenishment policy. This is because parts availability is a key enabler of
mixed model flow lines. This relationship is well established in this thesis. Similarly, the
engineering design decisions have a tremendous impact on product manufacturability,
which will in turn drive the manufacturing system design. In this sense, engineering is a
substantial component of a successful lean production system.
The list of influential functional drivers in a lean production system spans the entire
organization including sales, human resources, and all the rest. "[Lean] implementation
requires a systems-level change for the factory - a change that will impact every segment
of the company, from accounting to shipping." 54 The successful coordination of each of
these functions and the facilitation of effective and integral cross-functional teams in the
absence of explicit metrics is a significant yet crucial management challenge.
6.6 Conclusions
The design and implementation of a lean production system is a complex task requiring
an intimate understanding of the fundamental lean principles. This thesis develops a
series of management tools derived from these principles to assist with lean
implementation in a complex, highly constrained system. Nonetheless, these tools alone
are not sufficient for a successful implementation. Successful lean implementation
requires a series of complementary proficiencies. These include, but are not limited to, a
systems level perspective, solid analytical skills, high level management buy-in and
support, effective leadership, and, most importantly, the ability to continually adapt. No
two lean implementations are the same. Although the skills and experience developed in
one implementation environment can and should be drawn upon to assist with the next,
there is rarely a cookie cutter solution. Leaders must be flexible and learn to adapt to
their environment in order to be effective organizational change agents.
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5 Black, supra, note 9, p6.
Appendix A. Acronym Glossary
DBV - Distribution by Value
EOQ - Economic Order Quantity
FTTY - First Time Test Yield
GTA - Gas Turbine Accessory
HMLV - High-mix, Low-volume
HS - Hamilton Sundstrand
JFC - Jet Fuel Control
LFM - Leaders for Manufacturing
MES - Mechanical Engine Systems
MRD - Market Rate of Demand
MRP - Materials Resource Planning
NCM - Non-conforming Material
OSHA - Occupational Safety and Health
PMF - Precision Machining Facility
PO - Purchase Order
POU - Point of Use
QOH - Quantity On Hand
SIP - Strategic Inventory Placement
SKU - Stock Keeping Unit
UTC - United Technologies Corporation
VSM - Value Stream Mapping
Administration
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Appendix B. EOQ Derivation
Variables:
Q = order quantity
G = total annual cost
c = per unit cost
r = holding cost rate
h = holding cost
K = order cost
A = demand rate
The total annual cost for an order quantity of Q is given by the following equation:
G(Q)=--+ A + -
Q 2
K).
where -- represents the ordering cost (a decreasing function of Q), cA represents theQ
hQcost of the inventory (independent of Q), and -- represents the holding cost, (h = rc),2
assuming an average inventory level over the year of 9 (an increasing function of Q).
2
The goal is then to minimize the annual inventory cost, G(Q) by the setting the derivative
with respect to Q to zero and solving for Q:
dG(Q) 0 - KA h
= = 2 2+0+-
dQ Q2 2 > 
Q
h
A sample EOQ calculation is performed in Table 14 and represented graphically in
Figure 35.
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Table 14. Sample EOQ Calculation.
C = $1,000
r = 30%
h = $300
K = $100
A = 200
Q hQ/2 KA/Q G(Q)-cA
1 $150 $20,000 $20,150
2 $300 $10,000 $10,300
3 $450 $ 6,667 $7,117
4 $600 $ 5,000 $5,600
5 $750 $ 4,000 $4,750
6 $900 $ 3,333 $4,233
7 $1,050 $ 2,857 $3,907
8 $1,200 $ 2,500 $3,700
9 $1,350 $ 2,222 $3,572
10 $1,500 $ 2,000 $3,500
11 $1,650 $ 1,818 $3,468
12 $1,800 $ 1,667 $3,467
13 $1,950 $ 1,538 $3,488
14 $2,100 $ 1,429 $3,529
15 $2,250 $ 1,333 $3,583
16 $2,400 $ 1,250 $3,650
17 $2,550 $ 1,176 $3,726
18 $2,700 $ 1,111 $3,811
19 $2,850 $ 1,053 $3,903
20 $3,000 $ 1,000 $4,000
-- KA/Q
\ ~k &-G(Q)-cA
& -Ah 
/
HE
Graphical Representation of EOQ
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Figure 35. Graphical Representation of EOQ.
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Appendix C. Inventory Control Policy Visualization.
Table 15 is a spreadsheet that models the inventory control policy for a given demand
and order quantity for three different replenishment lead times. Figure 36, Figure 37, and
Figure 38 plot the inventory on-hand (QOH) and the total ordered inventory (QOH + PO)
for each of the lead time scenarios. Table 16 compares the expected inventory level and
the safety stock amount for both the model shown here as well as the inventory
optimization model shown in Chapter 4. In addition to graphically representing the
continuous review inventory policy, this Appendix also serves as a model validation.
Table 15. Visual Control Policy Table for Replenishments of 5, 10, and 15 days.
Starting QOH = 18
Demand Rate = 0.66
ID = 8
Rapt time = 10 15 5
ROP = 13 17 8
Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
Cumulative Demand Rate 1 1 2 3 3 4 5 5 6 7 7 8 9 9 10 11 11 12 13 13 14 15 15 18 17 17 18 18 19 20 20 21 22 22 23 24 24 25 26 26
Discrete Cumulative Demand 0 1 1 2 3 3 4 5 5 6 7 7 8 9 9 10 11 11 12 13 13 14 15 15 16 17 17 18 19 19 20 21 21 22 23 23 24 25 25 26
Dicrete ncrenental Demand 0 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1
Continuous Demand 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
OOH (5 day rep) 18 17 17 18 15 15 14 13 13 12 11 11 10 9 9 8 7 7 8 5 5 4 11 11 10 10 9 8 8 7 8 8 5 4 12 11 10 10 9 8
QOH (10 day rep) 18 17 17 18 15 15 14 13 13 12 11 11 10 9 9 8 7 7 8 13 13 12 11 11 10 10 9 8 8 7 8 14 13 12 12 11 10 10 9 8
COH (15 day rep) 18 17 17 16 15 15 14 13 13 12 11 11 10 9 9 8 7 7 14 13 13 12 11 11 10 10 9 8 8 7 14 14 13 12 12 11 10 10 9 8
Pull Signal (5 day rep) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0
Pull Signal (10 day rep) 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0
Pull Signal (15 day repl) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0 8QOH + PO (5 day rep) 18 17 17 16 15 15 14 13 13 12 11 11 10 9 9 8 7 15 14 13 13 12 11 11 10 10 9 8 8 15 14 14 13 12 12 11 10 10 9 8
OOH + PO (10 day repl) 18 17 17 16 15 15 14 13 13 20 19 19 18 17 17 16 15 15 14 13 13 20 19 19 18 18 17 16 16 15 14 14 13 20 20 19 18 18 17 1a
QOH + PO (15 day repl) 18 17 17 24 23 23 22 21 21 20 19 19 18 17 17 24 23 23 22 21 2120191918181724242322222120 20 19 18 18 17 24
Delivery (5 day rep) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0
Delivery (10 day rep) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0
Delivery (15 day rep) 0 0-0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0
ROP Control Plot (5 day repl)
25
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-0OH(5 day repl)
-410-0H + PO (5 day repi)
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Figure 36. Reorder Policy Control Plot for 5 Day Replenishment.
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Figure 37. Reorder Policy Control Plot for 10 Day Replenishment.
ROP Control Plot (15 day repli)
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Figure 38. Reorder Policy Control Plot for 15 Day Replenishment
Table 16. Comparison Between Visual Control Policy and SIP Model Output.
Replenishment E I] E~l (Model) SS SS (Model)
5 8.431 8.71 4.141 4.8
10 9.801 10.41 6.121 6.21 15 1 0.50, 11.121 6.781 7.3
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Appendix D. Service Level Constraint Equation
Validation.
In order to confirm the validity of the service level constraint equation, an Excel
simulation was performed. First, a column of simulated individual service levels was
established using the following Excel function:
_ 100 - rando*5
100
Because randO yields a random number between 0 and 1, X, will generate a uniform
distribution of values between 0.95 and 1.00. These values are typical of the individual
service levels found in the incoming material inventory model. The goal of the
simulation is then to test the following assumption:
X ,N
f(x X XiN)
where N is the number of X 's generated. The results are shown in Table 17. For low
values of N,(N <100), the assumption is accurate within 1%. As N increases, the
assumption becomes less accurate. Because each product has between 50-300 parts, the
assumption is considered valid for the purpose of this thesis.
Table 17. Constraint Validation Simulation Results.
N
N HX1 i % Error
Ni)
10 0.8264 0.8272 0.093%
100 0.0702 0.0711 1.186%
1000 5.880E-12 6.560E-12 11.557%
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